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ABSTRACT 
Liquid loading of gas and gas condensate wells contributes significantly to production decline. The accumulation of liquids 
begins when the gas rate drops below the critical gas rate required to lift liquids out of the well to surface due to reservoir 
depletion, skin, back-pressure effects, etc. The prevalence of foam treatment for well deliquification has increased over the 
past two decades, where a surfactant is introduced to the well, allowed to mix with the wellbore liquids and agitated resulting 
in improved unloading characteristics with reduced fluid surface tension and liquid column density. 
 
Batch foaming has been used offshore on a Central North Sea gas condensate field for five years as a low-cost method to 
reduce condensate loading on existing mature wells. The wells are long, deep and relatively high temperature. This paper 
investigates the correlation of batch foam effectiveness with static (completion) and dynamic (process / procedural) factors for 
18 platform wells for which foam treatment has yielded varying degrees of success. This analysis aims to establish whether the 
existing theory for general gas well deliquification is applicable for foamed wells. With improved understanding, candidate 
well selection and foam treatment design can be more effectively targeted. 
 
Further, an optimisation methodology is presented for real-world batch foam application to maximise production benefit whilst 
limiting ‘trial and error’ time wastage and production downtime. The process includes a novel method for determination of 
optimal foam injection volume using a downhole pressure gauge and foam travel time with the aid of a new film-flow model. 
The findings are verified by analysis of field production data from two test wells and with a further four independent 
optimisation trials for one of these wells. Lastly, the financial benefit of batch foam treatment optimisation is considered. 
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Abstract 
Liquid loading of gas and gas condensate wells contributes significantly to production decline. The accumulation of liquids 
begins when the gas rate drops below the critical gas rate required to lift liquids out of the well to surface due to reservoir 
depletion, skin, back-pressure effects, etc. The prevalence of foam treatment for well deliquification has increased over the 
past two decades, where a surfactant is introduced to the well, allowed to mix with the wellbore liquids and agitated resulting 
in improved unloading characteristics with reduced fluid surface tension and liquid column density. 
 
Batch foaming has been used offshore on a Central North Sea gas condensate field for five years as a low-cost method to 
reduce condensate loading on existing mature wells. The wells are long, deep and relatively high temperature. This paper 
investigates the correlation of batch foam effectiveness with static (completion) and dynamic (process / procedural) factors for 
18 platform wells for which foam treatment has yielded varying degrees of success. This analysis aims to establish whether the 
existing theory for general gas well deliquification is applicable for foamed wells. With improved understanding, candidate 
well selection and foam treatment design can be more effectively targeted. 
 
Further, an optimisation methodology is presented for real-world batch foam application to maximise production benefit whilst 
limiting ‘trial and error’ time wastage and production downtime. The process includes a novel method for determination of 
optimal foam injection volume using a downhole pressure gauge and foam travel time with the aid of a new film-flow model. 
The findings are verified by analysis of field production data from two test wells and with a further four independent 
optimisation trials for one of these wells. Lastly, the financial benefit of batch foam treatment optimisation is considered. 
Introduction 
 
Liquid Loading of gas and gas condensate wells contributes significantly to production decline in mature fields. Under 
healthy production conditions, when reservoir pressures are sufficient, both gas and liquid are produced to surface with the 
liquids lifted by a sufficiently high gas velocity. The source of these liquids is through condensation of water or hydrocarbons 
from the gas phase and/or produced liquids into the wellbore from an oil leg or formation water encroachment. A well may be 
considered liquid loaded if the production rate is being limited by a static liquid level in the wellbore or in the extreme case if 
it is hydrostatically overbalanced preventing flow from the reservoir. 
 
The amount of liquid condensed increases rapidly as the reservoir pressure declines which clearly compounds the issue by 
accumulation of a hydrostatic backpressure on the formation (Coleman et al., 1991). In some cases, the onset of liquid loading 
can be unexpected as initiation can be caused by transitory conditions, such as a temporary spike in tubing head (separator) 
pressure or adjustment of the choke. Long-term, the static liquid column may saturate the near-wellbore region with liquids, 
reducing the relative permeability to gas, and condensed water can damage formations containing swelling clays. The liquid 
loading phenomenon may be recognised most easily as a sharp and sudden decrease in the rate from wells which otherwise 
follow a slow and predictable rate decline. Other indications of liquid loading include intermittent production, a reduction in 
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condensate yield, unusually high P between casing and tubing (for completions without a packer), unstable-zone transient 
well conditions and ultimately an inability to flow (Lea and Nickens, 2004). Accurate diagnosis is important as acidizing or 
fracturing a well that is suspected of formation damage only but is actually liquid loading will simply exacerbate the problem 
(Saleh and Al-Jamae’y, 1997). Liquid level may be confirmed by pressure (gradient) survey or using an acoustic pressure 
pulse device (Rowlan et al., 2006; McCoy et al., 2009). 
 
There are numerous methods to predict the onset of liquid loading, based broadly on: droplet reversal, film flow reversal or 
flow regime transition. The most common method (Turner et al., 1969) predicts load up when a single droplet of liquid cannot 
be lifted out of the well. Various authors have extended this methodology (Coleman et al., 1991; Nosseir et al.,
 
2000; Belfroid 
et al., 2008; Zhou and Yuan, 2010; Sutton et al., 2010) or developed other novel prediction methods which aim to improve 
prediction accuracy under certain conditions (Saleh and Al-Jamae’y, 1997; Dousi et al., 2005; Guo and Xu, 2006; van Gool 
and Currie, 2008; Veeken et al., 2010; Yusuf et al., 2010; Veeken and Belfroid, 2011). 
 
Gas Well Deliquification techniques have been thoroughly described by Lea et al. (2008) including beam or hydraulic 
pumping, plunger lift, gas lift, surface compression, velocity string installation and foaming. Foaming may be employed on the 
basis of batch, continuous or with gas lift (Bernadiner, 1991), however batch application requires the lowest capital spend. 
 
The performance of foaming agents has evolved greatly since Eakin (1965) first conducted a comprehensive review. 
Chemicals have been further developed, made available in liquid form and become more widely available. Pilot-scale studies 
have found that the presence of foam reduces the gas rate required for mist flow (Saleh and Al-Jamae’y, 1997) and has 
increased unloading efficiency up to the critical micelle concentration (CMC) (Siddiqui and Yang, 1999). However, more 
recently it has been found that at high superficial gas velocities pressure drop can increase due to over-dosing, that CMC is not 
a good predictor of optimal dose rate and that surfactant concentration should be increased as the gas velocity decreases (van 
Nimwegen et al., 2013). Foam is generally more effective for water-based liquids (Libson and Henry, 1980), confirmed by 
Campbell et al. (2001) however condensate-specific foaming agents that perform satisfactorily do also exist and are likely to 
be cationic in nature (Wylde, 2010). A number of authors have documented the successful application of both batch and 
continuous foaming to field cases onshore and offshore (Vosika, 1983; Campbell et al., 2001; Ramachandran et al., 2003; 
Jelinek and Schramm, 2005; Bowman and Collins, 2006; Solesa and Sevic, 2006; Price and Gothard, 2007; Schinagl et al., 
2007) including a number of rules of thumb. 
 
This paper investigates the static and dynamic factors which impact on the efficacy of batch foaming based on data from 18 
offshore platform wells for which foam treatment has yielded varying degrees of success. With improved understanding, 
candidate well selection and foam treatment design can be more effectively targeted. Further, an optimisation methodology is 
presented for real-world batch foam application to maximise production benefit whilst ‘trial and error’ time wastage and 
production downtime. The process includes a novel method for determination of optimal foam injection volume using a 
downhole pressure gauge and foam travel time with the aid of a new film-flow model. The findings are verified by analysis of 
field production data from two test wells and with a further four independent optimisation trials for one of these wells. Lastly, 
the financial benefit of batch foam treatment optimisation is considered. 
Foam Efficacy 
Batch Foaming was first trialed on this Central North Sea gas condensate field in 2008 and has subsequently been employed 
on 18 wells. These marginal wells are also frequently cycled from the high pressure (HP) production separator (≈21 barg) to 
the medium pressure (MP) system (≈14 barg), where the rate increases and unloading may occur. In addition to 
straightforward production gains, a further driver for foaming is to reduce MP utilisation, which has a restricted capacity. 
Batch foaming has been used consistently for the past five years, with broadly the same procedure still in use today. 
 
Generalised Procedure for batch foaming, as has been used since the original field trials: 
 Shut in well and pump foam agent (2 barrels) into the tubing at surface 
 Allow time (24 hours) for the foam agent to reach and mix with the static liquid column downhole 
 Agitate the mixture by flowing back the well (≈15 minutes) to generate foam 
 Shut in the well and re-open to the MP system for a number of hours to unload as much liquid as possible 
 Return the well to the HP production separator 
 
Liquid Loading Prediction is typically evaluated based on wellhead conditions as recommended by Turner et al. (1969) or 
the largest-diameter segment (Coleman et al., 1991) however understanding the liquid loading at each change in tubing 
diameter appears important for understanding the performance of a well. A well may load partially, say up to the tubing, but 
still flow at a reasonable rate as it will be clear from this point upwards. For example, as portrayed in Figure 1, it is possible 
that upon bringing Well W.01 online, initial loading takes place in the 7” liner section up to the tubing followed by a period of 
stable production where the system is unloading in the 4½” lower tubing but experiencing liquid dropout in the 5½” mid 
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tubing at the same time. The dashed line indicates the actual production rate and the coloured area bars show the liquid loading 
rate as predicted by various methods. This is supported by the downhole gauge pressure data, Appendix D-1. 
 
 
 
 
 
 
 
 
 
4 ½” Upper, from 0 ft 
 
 
5 ½” Mid, from 750 ft 
 
 
4 ½” Lower, from 12,750 ft 
 
 
7” Liner, from 12,800 ft 
Figure 1. W.01, Evaluation of Liquid Loading at key points along the Wellbore 
This is similar, but distinct from the metastable rate identified by Dousi et al. (2006) which is likely to occur in wells with 
extended perforation intervals in low water gas ratio fields where there is simultaneous liquid production and re-injection.  
 
Candidate Well Identification is an involved process which should be planned carefully. Typically, conventional Turner 
analysis (and related methods, as above) is used to inform regarding the current operational proximity to the predicted critical 
gas rate to support qualitative production knowledge and identification methods such as sorted temperature (THT) plots (Dousi 
et al., 2006). Moltz (1992) reported that gas well load up with condensed water generally occurs at a depth half to one third of 
total depth in low pressure gas wells and Sutton et al. (2010) further highlighted the necessity for understanding and 
incorporating reservoir PVT for any gas-condensate liquid loading study. The importance of well completion is clear as liquid 
loading in wellbores with concentric tubing strings which terminate some distance above the completion interval are 
significantly influenced by the large-diameter section at the base of the wellbore (Coleman et al., 1991). Veeken et al. (2010) 
explored the independent effect of completion parameters on the Turner Ratio (defined as the ratio of the minimum loading 
rate to the predicted Turner loading rate), finding no significant independent influence unexplained by rate alone. Veeken and 
Belfroid (2011) studied the impact of tubing wall modification and showed that as film flow reversal controls liquid loading a 
hydrophobic tubing can be more effective for liquid unloading than a conventional velocity string. 
 
For the studied field, archived batch foam treatment data is available for the batch foam historical treatments including any 
issues experienced and the benefit yielded in terms of cumulative MMscf and days uptime without well performance dropping 
off (as indicated by well cycling). This data allows the findings of previous authors (above) regarding liquid unloading to be 
tested with a foamed-well data set. The data was reviewed and erroneous entries or batch foam treatments which appeared 
seriously impacted by external production issues were removed. 
 
Well completion parameters for all wells were compiled and each was independently correlated against the foam treatment 
data to find linear or polynomial relationships between foam efficacy and completion, as shown in Table 1 (for the full list see 
Appendix C-2). The correlations were weak in general, however the results indicate that the most important parameters for 
foam efficacy are gas rate, flow conduit internal diameter (tubing average, tubing / casing average and upper tubing size) and 
length from the perforations to tubing (both measured and true vertical depth). This supports the general findings made 
previously by Veeken et al. (2010) and Coleman et al. (1991). The foamed liquid has lower density and surface tension than 
the un-foamed liquid, lowering the critical rate prediction, however otherwise the very same deliquification principles apply. 
 
Inevitably, there is variation in both how the batch foam procedure is carried out and in the process conditions which have an 
influence on the treatment result (Appendix C-4 & Appendix C-5). This variation allows investigation of the impact of 
dynamic differences in batch foam treatments and how they impact on the production benefit. For wells W.01 and W.02 the 
following data was extracted from the process trend database and analysed against the foam efficacy: the soak time (foam 
injection to flowback), agitation time, agitation choke setting, time alone to MP and the average HP pressure once back online. 
 
The range of agitation time values appears too narrow (all points are between 7-20 minutes) for a significant trend to be 
discerned and choke setting had no correlation. Greatly above average soak times (>>24 hours) yielded poor performance; 
potentially due to liquid-liquid settling effects, active agent temperature decay (>110°C) or re-injection to the reservoir. The 
monitoring of average HP pressure data does not allow for transient effects such as pressure spikes to be discerned and yielded 
immaterial results. A longer duration alone in MP had expected benefit (Figure 2) with more of the liquid column unloaded. 
Lastly, the foam treatments were seen to become less effective with time, as expected, due to reservoir pressure decline. 
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Batch Foam Optimisation 
 
Foamer Agent Performance is dependent upon foamer formulation, foamer concentration, the condensate water ratio (CWR) 
of the wellbore liquids and the salt content of the solution (Vosika, 1983). Lab trials cannot simulate reservoir conditions, 
however foaming agent selection should be conducted by testing with sampled reservoir fluids (Figure 3). For batch 
optimisation it is important to have a good understanding of the optimal operating conditions of the foam in use. The present 
foaming agent appears to be a water foamer that tolerates high levels of condensate, for which three performance points are 
known, as displayed in Figure 4. There is clearly uncertainty in the performance at very low water cuts as both models 
displayed fit the data set reasonably well; however the potential impact on foam generation efficacy is clear. 
 
 
   Figure 3. Foaming Agent Determination (95:5 CWR) 
 
Figure 4. CWR Foam Performance 
For the present field study, this information is not crucial as sampling for well-specific water cut and salinity is not possible. 
For the purposes of selecting foamer candidate wells and optimisation it would be beneficial to understand the performance of 
the foam product at all practical CWRs and to have field data by well. 
 
Determination of Liquid Level is necessary to ensure optimal batch foam performance. Without this information it is not 
possible to calculate the required foam volume for injection and a ‘hit or miss’ approach is required. Unlike with continuous 
injection, it is not possible to adjust the foam concentration on-the-fly through live adjustment of the injection rate (Vosika, 
1983). Thus without prior knowledge of the liquid level, significant downtime due to multiple foam treatments of varying 
concentrations will be incurred without a guarantee that the optimum will be determinable from the production results. 
Injection of grossly less volume than optimal will likely result in an insignificant effect as the resultant foam generated will be 
minimal, as displayed in Figure 3. Conversely, injection of too much foam agent will contribute additional hydrostatic 
backpressure onto the formation, potentially reducing the foam treatment effectiveness. 
 
For example, for Well W.02 with 4 1/2” OD (3.958” ID) tubing in the lower section, surplus water-based foamer injection 
contributes roughly 30 psi additional backpressure per barrel and even more significantly, for a typical smaller-completion 
onshore gas well (assume 2 7/8” OD, 2.323” ID) this increases to > 80 psi/bbl. 
 
There are several methods for determination of liquid level however the three considered in this study are acoustic survey, 
pressure reconciliation with downhole gauge data and pressure survey (fluid gradients). Data availablity on foamed liquid-
loaded wells for this study was somewhat restricted, as outlined in Table 2 below. 
Table 1. Field Foam Efficacy Correlations with Well Completion 
 
 
Figure 2. W.01 Dynamic Correlation, MP Time 
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Table 2. Test Well Data Available (for Liquid Level) 
Data Source Well W.01 Well W.02 
Pressure Survey - Oct 2006, April 2011 
Acoustic Survey Yes No, Pressure Test Failed 
Downhole Gauge Yes - 
 
Acoustic Analysis is comparatively quick but requires connection of a gun, which will need to undergo the appropriate 
containment / pressure testing prior to use. Further, this method requires accurate calibration to a known wellbore marker as a 
small variation in acoustic velocity can result in a large liquid level error. Acoustic analysis, such as with an Echometer, is 
based on the measurement of a pressure signal (explosion-type or implosion-type). For the explosion setup, a sudden 
expansion of gas from the volume chamber into the well generates the acoustic pulse. The microphone in the gas gun records 
the acoustic reponse to the pressure pulse and this is converted into an electrical signal. The direction of the kick indicates 
changes in the physical cross-sectional area along the wellbore with the liquid level appearing as a downkick followed by 
noise (Rowlan et al., 2006; McCoy et al., 2009). 
 
For Well W.01, the signal was calibrated to ensure accuracy based on a 3.658” nipple which acted as a known-depth marker, 
yielding an acoustic velocity of 1320 ft/sec, and the shots were analysed for liquid level. The liquid level was indicated by a 
strong down-kick followed by noise (Figure 5) which allowed level determination with a good degree of accuracy however 
shot quality was found to be variable so multiple shots were taken for each measurement. The shot data was qualitatively 
analysed for a high signal to noise ratio and low quality shots were eliminated.The liquid level was converted to a static 
volume (from mid-perf, Figure 6) for each shot based on a simple well completion model.  
 
 
 
Figure 5. W.01, Full Shot Trace (Top) and Liquid Level Downkick Zoom (Bottom) 
Upper x-axis: Time [sec], Lower x-axis: MD [ft], y-axis: mV Pulse 
First, the well was shut in from HP production for a few minutes and shots were taken.These Post-HP shots were found to be 
of poor quality and removed, as parts of the tubing was assumed still filled with mist (Rowlan et al., 2006) which had not yet 
fully settled. Next, the well was allowed to flow to MP for 7 hours to unload as much of the static liquid level as possible, then 
shut in and more shots taken (Post-MP Shots). Finally after the standard foam treatment, a third round of shots was taken 
which indicated a similar liquid level at ≈ 17,000 ft MD or 12,580 ft TVD and 
fluid volume to be ≈ 75 bbl (Figure 6). This corresponds to ≈ 2.3 bbl foaming 
agent for a 30,000 ppm concentration. The rapid decline observed in the liquid 
during this last period (Post-Foam) may be an indicator of a foamed liquid 
column, with the foam collapsing at the higher shut-in pressures. 
 
Downhole Gauge data provides a continuous measurement, however relies on 
the availability of a working downhole gauge and on the accuracy of fluid density 
information. This is an established method to determine a fluid contact as at this 
point the pressure in both fluids must be equal and can be calculated using the 
linear pressure gradient equations (Earlougher, 1977; Dake, 1998). The liquid 
level must be above the gauge (interpreted as per Appendix D-1) with the tubing 
head pressure (THP) and gauge pressure measured. If the fluid level is below the 
gauge this technique is not viable. 
 
As a QC for accuracy, the liquid level for Well W.01 was determined at the same 
time as the ‘Post-MP’ acoustic shots. Based upon a previous shut-in (where the liquid level was interpreted as below the 
gauge) the average gas gradient from TH to gauge was calculated as 0.0342 psi/ft average. Based on reservoir PVT, the 
Figure 6. W.01 Interpreted Acoustic Data 
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expected condensate gradient is 0.264 psi/ft.The vast majority of the tubing contains gas, thus the calculation is very sensitive 
to gas gradient (Appendix D-2). The results indicate a liquid level at ≈ 17,093 ft MD (12,611 ft TVD) with volume of between 
62 and 80 bbl (Figure 7) based on the moderate level of fluid gradient uncertainty. This correlates reasonably to the acoustic 
survey results. With the standard 2 bbl foam, the foam concentration range achieved is between 24,400 – 31,500 ppm (Table 
3). Given the positive foam performance above 15,000 ppm (Figure 3), this is within tolerance to be considered optimised. 
 
 
Figure 7. W.01, Liquid Level Uncertainty Range 
 
Table 3. W.01, Foam Requirement Uncertainty Spectrum (Current, Optimum)  
Liquid 
Volume 
Standard 
Foam Vol. 
Current 
Conc. 
Optimum 
Foam Vol. 
Optimum 
Conc. 
[bbl] [bbl] [ppm] [bbl] [ppm] 
62.0 2 31,500 1.91 30,000 
71.5 2 27,300 2.20 30,000 
80.0 2 24,400 2.46 30,000 
 
Figure 8. W.01, Liquid Loaded State  
Pressure Survey determination of liquid level requires conducting a well intervention. This method is based on the same 
principles as with the downhole gauge except that more than two pressure data points are known. This information will not be 
‘current’ at all times (particularly for marginal wells) and hence significant liquid level error may be expected if past data is 
extrapolated to represent the present state. In the case of high permeability, where the liquid column re-injects quickly back 
into the reservoir, the liquid level measured may be significantly lower than the reality which clearly may lead to erroneous 
foam injection volumes. Due to this potential transience, it is not the best determination method although there have been 
batch foam trial successes reported using it (Schinagl et al., 2007). 
 
For Well W.02, the most recent pressure survey data was acquired in 2006 and 2011. Due to the elapsed time between survey 
and the present day, this data cannot be used to estimate a reliable current liquid level. Further, accuracy will depend on the 
elapsed time between well shut in and survey measurement. However, as no other liquid level information was available, the 
present day liquid level was estimated based on a simplified relationship between reservoir pressure and liquid level to inform 
the order of magnitude (Figure 9). A significant error is expected. The liquid level was estimated at 16,545 ft MD, 
corresponding to a foam injection volume of << 1 barrel. The confidence interval surrounding this figure is low; however it 
does serve to indicate that the injection volume should be reduced from the 2 barrel standard currently in use. 
 
Calculation of wellbore liquid volume is important for foam optimisation as either under or over-dosing should be expected to 
yield sub-optimal results, as discussed on page 4. The preferred method (of those tested) is by Acoustic Survey due to the 
repeatability, accuracy, low cost, ease of operation and simplicity of data analysis. As conducting an Acoustic Survey is a non-
invasive process, there is very low risk associated with the activity. Clearly, given adequate resource availability, foam 
injection volume should be optimised - resulting in improved unloading characterists when the well is brought back online. 
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Figure 9. W.02, Pressure Survey Liquid Level Forecast (pressure values removed) 
 
Film Flow Model 
 
The main source of production downtime associated with this field’s batch foamer procedure is the well shut-in period 
following injection of the foam in order to allow it to reach the fluid level and disperse, the Soak Time. The standard 24 hour 
period originally trialled is still in use, evidently an opportunity for optimisation. 
 
The literature available on the subject of evaluating foam travel time is somewhat limited, with a range of outcomes from 
current methods based on rules of thumb. Solesa and Sevic (2006) indicate that “the well can be turned to normal production a 
few minutes after the foaming agent is injected”, whilst Schinagl et al. (2007) and Bowman and Collins (2006) suggest 
methods which yield foam travel rates around 1000 ft/hr plus buffer time, depending on the well. Less conservatively, Kelly 
and Shearer (2012) advise slightly above to 2000 ft/hr and, in application to corrosion inhibitor, Nafis et al. (1998) indicate the 
travel rate is around 4500 ft/hr from field trials, confirmed by use of a downhole gradiomanometer. 
 
Zabaras and Dukler (1988) showed experimentally that film thickness increases with counter-current gas flow up to a 
maximum of 20% of the wellbore radius, thus a thin film is expected in the case of a static gas column. Based on a force 
balance, with negligible drag force at the gas/liquid interface, Jackson (1955) established an equation describing the 
relationship between volumetric rate / film thickness and film velocity for a vertical pipe with a low to medium viscosity liquid 
film based upon a simple force balance at steady state (Figure 10). 
 
Figure 10. Downward Annular Film Flow (Adapted from Jackson 1955) 
A foam travel time model has been developed based on these principles to more 
accurately evaluate the required Soak Time, defined as the Travel Time from tubing 
head to liquid level plus an associated dispersion time / safety factor. Under this 
field’s foam treatment conditions, with tubing IDs > 3½”, the film thickness error 
(Figure 11) between the pipe estimation and flat plate estimation (Perry et al., 1999) 
is < 1% thus the simpler flat plate method was used (Equations 1.1-1.3). 
 
The model is based on the assumptions that the volumetric flowrate down the tubing 
is limited by the foam injection rate (≈ 1 bbl/hr), it will travel as a film adhered 
evenly to the full internal surface area of the tubing and the foam agent is a 
Newtonian fluid in equilibrium with the geothermal gradient. Further, the frictional 
force exerted on the flowing film by the gas stream is taken to be negligible, as it is static. The injection rate at the well head is 
a limiting factor practically due to the improved fluid flow characteristics as temperature increases. It is clear that velocity 
down the tubing can increase and the volumetric rate may even increase slightly (due to the temperature gradient and the 
 
 
F1 = Gravitational Force 
(due to the mass of the film) 
 
F2 = Viscous Shear Force 
 
F3 = Frictional Force 
(exerted by the gas stream) 
Figure 11. Pipe vs Flat Plate Models 
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relative incompressibility of liquid) but the conservation of mass must be obeyed. Assuming pseudo-steady state at any axial 
position along the wellbore the mass flow must not exceed the injection rate, providing the limiting condition. 
 
  
 
   
 
        
 
   
 
 ............................................................................. (1.1) 
 
  (
    
        
)
 
 ⁄
 
 ...................................... Laminar ......................... (1.2) 
 
       (
       
    
        
)
 
 ⁄
 
 ...................................... Turbulent ...................... (1.3) 
 
 
 
V Velocity of foam down tubing [ft/s] 
 Mass flowrate per unit wetted length [lbm/ft.s] 
a Apparent density () [lbm/ft
3
] 
g Acceleration due to gravity [ft/s
2
] 
 Deviation from vertical [deg] 
 Film thickness [ft] 
f Foam viscosity [ft
2
/s]
In the model, the well is broken up into a series of discrete well sections axially, of variable length. The well completion 
details including tubing/liner ID and well trajectory information (MD, TVD, deviation from vertical) are input for each 
section, as shown for Well W.01 in Figure 12 and Table 4. As the well is not flowing and the foam flow is small, it is 
conservatively assumed that temperature is in equilibrium with the geothermal gradient (ignoring the hydrothermal gradient of 
the initial sub-sea zone). The density and viscosity of the foam agent is evaluated for each section, which necessitates property 
models of each respectively. Density and viscosity information for the foamer in use was limited, however it is known to be 
water-based (>80%), thus the model was built from extrapolation of the known data points at 40°C (Figure 13 & 14). 
 
 
Figure 12. W.01, Deviation Survey 
Table 4. W.01, Parameters 
 
 
 
 
The velocity depends on the apparent density (a = f - g), so the gas density must be computed for each section. From the 
user-input THP, the Z-factor and gas density in the first well section are calculated (either with a function as shown in Figure 
15 & Figure 16, or with the non-ideal gas law). The gas density is non-linear so the pressure and gas properties of each 
subsequent section (based on TVD) are calculated in a stepwise fashion. Once the inputs are known for each segment; the film 
thickness is evaluated assuming laminar flow, the velocity is calculated, NRE is checked as either above or below 2100 and the 
travel time (based on MD) is output. A summation yields the cumulative travel time required to reach bottom hole. 
 
Detailed analysis, discussed for W.01, was conducted on three further wells (W.02, W.03 and W.04) the results of which are in 
Appendix D-9. The results in terms of the foam travel velocity down the tubing and the resultant cumulative travel time are 
compared with the recommendations of Nafis et al. (1998), Schinagl et al. (2007) and Kelly and Shearer (2012) (Figure 17 & 
Figure 18). Step-changes in velocity are caused by variations in the tubing internal diameter along the well, where a smaller 
tubing ID results in a greater velocity. This velocity to tubing ID relationship may be unexpected but is qualitatively logical. 
As the tubing size increases the film spreads more thinly, reducing the velocity. Deviation is clearly a major factor also, as the 
directional gravitational force component reduces significantly with increased well angle. 
Candidate Paper  9 
 
Figure 13. Foam Viscosity Function 
 
Figure 14. Foam Density Function 
 
 
Figure 17. W.01, Film Travel Rate Down Tubing 
 
Figure 18. W.01, Foam Cumulative Travel Time 
 
 
Figure 15. PVT-based Gas Non-Ideality  
 
Figure 16. PVT-based Gas Density 
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A sensitivity analysis was carried out, using commercial Monte Carlo simulation software, based upon the expected range of 
variables present for this field to determine which parameters quantitatively have the greatest impact on the computed foam 
travel time, as shown in Figure 19. Foam injection rate was seen to have the greatest impact, as this determines the film-flow 
limiting volumetric rate upon which film thickness calculation relies. This is a controlled process parameter with appropriate 
dosing system maintenance and as such will not be considered variable. Next, the well deviation and well measured depth have 
the most significant effect, followed by viscosity and tubing ID. 
 
Using this information, an approximated model using the same calculation methodology but based on well averages for 
deviation and tubing ID was developed. As the model inputs for well MD, THP, foam viscosity and density are single value 
inputs no further simplification is possible. The detailed model (of individual well segments) output was compared to the 
approximated model for four wells, see Appendix D-9. The outputs of the approximated model are compared to the detailed 
model, Figure 20. The results indicate that although the match is poor at extreme deviations in this case (due to equal 
weighting of each well segment’s deviation during the averaging process), the cumulative travel time error is reasonable (7%). 
  
 
 
 
Figure 19. Tornado Plot of Key Model Parameters 
 
Figure 20. W.01, Film Flow Approximation 
 
Batch foam treatments can sometimes be reactive events scheduled when a well begins to struggle and there is operational 
availability, so a look-up chart (Figure 21) is presented to quickly inform regarding the minimum soak time. The well MD, 
average deviation and tubing IDavg for the well must be known. Figure 21 is based upon this field’s fluid parameters, pumping 
rate and well completion ranges. For similar applications, using foam agents with a different viscosity, a number of further 
plots are presented in Appendix D. 
 
Enter the chart on the left hand vertical axis based on the average well deviation and move across until striking the applicable 
well MD line. The lower horizontal axis corresponds to the grid section (bottom-right) and the upper horizontal axis 
corresponds to the gridless section (top-left), from which the chart time is read. This time corresponds to a tubing IDavg of 
4.85” (which is the base case for the wells in this field) and must be scaled if the actual tubing IDavg is not equal to this, based 
on Equation (2), to yield the minimum travel time required. An example is provided in Appendix D-13.  
 
 
            [   ]              [   ]   
√     
√    
  
[  ]
[  ]
 
 ........................................................................................................................................................................................................................ (2) 
 
It is recommended that a further safety factor and / or dispersion time should be applied to this result for practical application 
depending on how much liquid is built-up in the wellbore and in order to yield a ‘round’ number which will be easily 
implemented by the shift operations team. The model, dependent on inputs, yields a conservative theoretical time for the foam 
agent to reach the static liquid level but does not account for liquid-liquid settling (governed by Stokes’ law) and dispersion, 
which is necessary to achieve optimal performance. It is suggested that for long wells (such as those encountered in this field) 
a safety factor of between 20-50% is employed depending on the height of the static liquid column in place. 
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Figure 21. Batch Foaming Quick Reference Chart 
Applicable for 1 bbl / hr injection rate of 4.2 cP (at 40 °C) foaming agent 
 
Wellbore Liquids Re-Injection back into the reservoir can be reduced with shorter soak times. This liquid may otherwise 
accumulate, increase the size of the near-wellbore fluid bank and could result in reduced relative permeability. The re-injection 
rate is both dynamic and uncertain as it is a function of the fluid column height, reservoir pressure and properties. As an 
example, this is shown with variation to horizontal relative permeability to oil for W.01, Figure 22. A discussion of the 
calculation method is presented in Appendix E. .The lines correspond to rate and the areas correspond to volume re-injected 
where the hashed area represents the incremental re-injection avoided with a shorter soak period. This incremental volume is 
then available and may be lifted out of the well. Repeat acoustic surveys during the full shut-in period could confirm the 
reality. This has direct economic benefit for both short and long term gas and condensate production. 
 
 
Figure 22. Incremental Wellbore Fluids Re-injection from 12 hours to 24 hours for koh uncertainty cases 
Chart Time [hrs] 
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Trials and Discussion 
 
Optimisation Opportunity 
A standard foam application (2 barrels, 24 hours) is currently in use on all foam treatment wells. It should be obvious that each 
well will react best to a tailored treatment based on the completion and static liquid level and volume, however two previous 
try-it-and-see trials (of 1 and 3 barrels) on another well did not yield any improvement. The ‘optimum’ values arrived at using 
the methodology described previously are compared against this standard for wells W.01 and W.02.  
 
The standard foam volume and soak time is not drastically different to the W.01 liquid level and soak time optimum values 
(foam volume of 2.2 barrels and calculated foam travel time of 8.1 hours, with a very large dispersion factor necessary due to 
the known >2,000 ft liquid column at significant deviation). This accuracy, particularly in terms of foam volume is likely a 
significant factor as to why W.01 responds well and the results are very consistent. Conversely, W.02 does not react 
particularly well to the foam treatments. From the forward extrapolation of previous pressure surveys the foam volume 
required is <1 barrel and the travel time is 7.6 hours with a moderate dispersion factor as the liquid column is small. The 
standard application may potentially be resulting in over-dosing or settling of the foam agent to the rathole. 
 
Production Trials 
A number of planned production trials were conducted on W.02 to test whether implementation of the optimized foam volume 
and soak time would elicit a measurable response, as summarized in Table 5 and Figure 23. The well had received regular 
foam treatments (weekly to bi-weekly) for the previous months and this pattern was sustained so that the results were 
comparable. A standard treatment (2 barrels, 24 hours) was observed, the soak time was reduced to 12 hours for the first two 
trials and the dose volume was reduced to 1 barrel for the third and fourth. 
 
 
 Table 5. W.02, Trial Results Summary 
 Foam 
Vol. 
Soak 
Time 
THT avg THP avg 
MP 
Util. 
 
 [bbl] [hrs] [°C] [bara] [-] 
Standard 2 24 38.57 18.70 37.0% 
Trial 1* 2 12 41.68 19.99 26.2% 
Trial 2 2 12 42.12 20.17 16.9% 
Trial 3 1 12 42.64 19.94 13.7% 
Trial 4 1 12 43.23 19.55 15.8% 
  
  
  
 
 
Figure 23. W.02, Production Trends (Standard and Trials), showing performance improvement 
Results were judged for the seven days after bringing the well back online. Abnormalities which could invalidate the trial 
results, such as prolonged shut-ins, were avoided and each of the two variables was varied in a staggered manner so that the 
response of each change can be discerned. Accurate rate measurement (e.g. orifice meters) was not available, however would 
be invaluable for trial analysis and wider production optimisation efforts. The results were evaluated based on THTavg, THPavg 
and MP system utilisation, [time at MP + Shut-in time] ÷ total flowing time × 100, as production rate measurements were not 
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available. It is known that there is a correlation between the THT and rate, as at higher rates the temperature is sustained better 
due to proportionally less heat lost by conduction to the surrounding environment. Unfortunately, it is not possible to establish 
an accurate relationship to predict the rate due to the coarse resolution of the temperature readings. Still, in practice (without 
accurately sized orifice plates) this is the most reliable indicator of rate and hence of well health. Once THP reaches the 
separator pressure, it essentially becomes an indirectly controlled parameter as the separator pressure itself is a regulated 
process setpoint. Thus, this was used to determine if the well is routed to the production separator (HP) or the MP system. A 
well is routed to MP when the platform petroleum engineer observes signs that it is starting to liquid load based on THT, 
gauge pressure (if available) and knowledge / experience of the well in question. Clearly, a high THTavg and THPavg with low 
MP utilisation time indicate good performance. 
 
Trial 1* (see Table 5) was cut short due to re-scheduled maintenance work. Trial 2 indicated the well was flowing strongly, 
lasting more than five days before being cycled and was seen to unload itself when it did begin to liquid load. Trial 3 and 4 
both indicated well performance stronger than standard with the highest THTavg results achieved, albeit this is a function of 
increased well cycling, which is itself controlled by the offshore production engineer’s interpretation of THT. 
 
Economics 
The focus of this section is the incremental benefit through optimisation of standard foam treatments, tailored for each 
individual well. This benefit can be classified as direct benefit and indirect benefit. Direct benefit includes the increased gas 
rate, condensate production and uptime of the treated well itself, while indirect benefit is the reduction in equipment utilisation 
(e.g. of the MP system) which can then be used to either flow or unload other weak wells. 
 
Wells W.01 and W.02 are foam treated on a reasonably fixed schedule so the increased uptime is simply the reduction in foam 
treatment shut-in time. Due to the unavailability of the HP production rate measurement, the post-optimised treatment rate is 
(conservatively) taken to be the same as for the standard treatment. Thus, the quantifiable benefit is limited to the additional 
flowing time (e.g. 12 hrs) and decreased MP system utilisation / increased availability. It is assumed that the lowest-rate MP 
well (a well which will only flow while routed to MP and will die immediately if routed to HP) can be brought online during 
this availability, or roughly 3.1 MMscf/d. Averaging the trial results (ignoring Trial 1 as it was concluded prematurely) over 
the seven day flowing period for W.02, the MP utilisation is 15.5% (26 hrs). This is a reduction from 37% (62 hrs) previously, 
which constitutes an additional 36 hrs of MP well production or ≈ 4.7 MMscf additional production. The reduced shut-in time 
of W.02 is estimated to yield ≈ 1.8 MMscf. Extrapolated to one year (48 cycles of 7 days production + 12 hour foam 
treatment) this equates to 313 MMscf. Based on a gas price of £0.66/therm this incremental performance equates to 
approximately £2.1M annual benefit for the W.02 benefit only (calculation details in Appendix E-8). With six to eight wells 
which are foam treated on a regular basis, there is a significant opportunity for economic benefit through incremental 
optimisation. 
Conclusions 
 The general principles for predicting gas well deliquification efficacy based on gas rate apply directly to batch foaming 
 Maximising well unloading time to a low pressure system (where available) after batch foam treatment has a clear 
benefit. This is accommodated by parallel reduction in the system utilisation with optimised batch foaming performance, 
as the cycle well stable flow to the production system is maximised 
 As reservoir pressure declines over time, batch foamer effectiveness should be expected to decrease correspondingly as 
the actual gas rate decreases below the foamed liquid critical unloading rate and liquid loading once again occurs 
 Excessive foam soak times appear detrimental to performance, likely due to settling effects and temperature degradation 
of heat-sensitive foaming agents 
 Appropriately-sized flow meters are essential for production optimisation based on rates rather than just well uptime 
 Effective integration of available completion, production and operational data is crucial for ensuring optimisation success 
 
 Foam treatment optimisation per well can yield significant benefit and should be conducted in a structured manner: 
- Foam application based on wellbore liquid composition and optimum foam concentration 
- Liquid level determined, preferably by acoustic survey or pressure survey information if necessary. It has been 
shown that a downhole gauge reading can be used to QC the liquid level reading accuracy. 
- A simple well completion model should be used to determine the in-situ wellbore liquid volume from liquid level 
- Foam injection volume should be optimised to the actual wellbore liquid volume. Under or over dosing will lead to 
sub-optimal performance 
- A new film-flow model is presented for evaluation of the optimum foam travel time to the downhole liquid level. 
This model can be tailored for any specific field’s operating conditions, including foam agent properties 
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Nomenclature 
 
CMC, critical micelle concentration 
CWR, condensate water ratio 
, average film thickness 
F1, gravitational force 
F2, viscous shear force 
F3, frictional force 
g, acceleration due to gravity 
, mass flowrate per unit wetted length 
Iani, permeability anisotropy 
ID, internal diameter 
HP, high pressure (production) system 
kA, absolute permeability 
koh, horizontal relative permeability 
f, foam viscosity 
MD, measured depth (from well head) 
MMscf, 106 standard cubic feet 
MP, medium pressure (test) system 
 
NRE, reynold's number 
OD, outer diameter 
pwf, flowing bottom hole pressure 
pr, average reservoir pressure 
ppm, parts per million 
PTS, production test separator 
PVT, pressure volume temperature 
QC, quality control 
Qinj, injection rate 
a, apparent density 
f, foaming agent density 
g, gas density 
r1, central gas column radius 
r, distance to film layer 
R, pipe internal radius 
, deviation from vertical  
S/I, shut-in condition 
 
Swi, initial water saturation 
TID, tubing internal diameter 
THP, tubing head pressure 
THT, tubing head temperature 
TVD, true vertical depth (from well head) 
V, velocity of foam down tubing 
WEG, wireline entry guide 
WHP, wellhead pressure 
Z, gas non-ideality factor 
Conversion Factors 
1 m     = 3.28 ft 
1 m
3
     = 6.29 bbl 
1 bbl     = 5.615 ft
3
 
1 bar     = 14.5 psi 
1 bar     = 10
5
 Pa 
1 kg     = 2.2 lbm 
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Appendices 
 
Appendix A.  Milestones in Foaming Gas Well Deliquification 
 
No. Paper Year Title Authors Contribution 
1 AIChE 
1 (2) 
1955 "Liquid Films in Viscous Flow" M.L. Jackson First to consider viscous film flow down a 
pipe bore 
2 DOI 
6660 
1965 "Foaming Agents for Removing Problem 
Liquids from Gas Wells" 
J.L. Eakin First to systematically test the foaming 
ability of a broad spectrum of surfactants 
on varying strength NaCl brines / 
condensates 
3 2198 1969 "Analysis and Prediction of Minimum Flow 
Rate for the Continuous Removal of 
Liquids from Gas Wells" 
R.G. Turner, M.G. 
Hubbard, A.E. Dukler 
First to model critical unloading rate based 
on both film movement and droplet 
removal and to compare with field data 
4 7467 1980 "Case Histories: Identification of and 
Remedial Action for Liquid Loading in Gas 
Wells - Intermediate Shelf Gas Play" 
T.N. Libson, J.R. Henry First application of gas well surfactant 
injection, with positive water but poor 
condensate results 
5 11644 1983 "Use of Foaming Agents to Alleviate 
Liquid Loading in Greater Green River 
TFG Wells" 
J.L. Vosika First to propose method for surfactant 
selection and application (water-loading 
wells only) 
6 AIChE 
34 (3) 
1988 "Countercurrent Gas-Liquid Annular Flow, 
Including the Flooding State" 
G.J. Zabaras, A.E. 
Dukler 
First to establish the effect of 
countercurrent gas flow on an annular 
liquid film thickness 
7 20280 1991 "A New Look at Predicting Gas Well 
Loadup" 
S.B. Coleman, H.B. Clay, 
D.G. McCurdy, H.L. 
Norris III 
First to revise the Turner model coefficient 
for marginal wells (WHP < 500psi) 
8 21639 1991 "Foamed Gas Lift" M.G. Bernadiner First application of surfactant injection to 
supplement the effectiveness of a gas lift 
system 
9 24860 1992 "Predicting Gas Well Load-up Using Nodal 
System Analysis" 
A.K. Moltz First to incorporate fluid phase envelope / 
PVT data for gas well load-up prediction 
10 37425 1997 "Foam-Assisted Liquid Lifting in Low 
Pressure Gas Wells" 
S. Saleh, M. Al-Jamae'y First assessment of the impact on flow 
regime by the presence of surfactant 
11 98016 1998 "A Novel Approach to Inhibitor Fall Rate 
Studies for Batch Application" 
P.A. Nafis, H. Dewanto, 
M. Syahwan 
First use of a downhole gradiomanometer 
to measure the fall rate of a corrosion 
inhibitor pumped into uncoated tubing. 
12 52122 1999 "Successful Application of Foam for Lifting 
Liquids from Low-Pressure Gas Wells" 
S. Siddiqui, J. Yang First to investigate the effect of surfactant 
concentration, backpressure and tubing 
size on foamed liquid unloading rate 
ii  Candidate Paper 
No. Paper Year Title Authors Contribution 
13 66540 2000 "A New Approach for Accurate Prediction 
of Loading in Gas Wells Under Different 
Flowing Conditions" 
M.A. Nosseir, T.A. 
Darwich, M.H. Sayyouh, 
M. El Sallaly 
First to remove empirical reliance from the 
Turner model through incorporation of 
Reynolds number 
14 67325 2001 "Corrosion Inhibition / Foamer 
Combination Treatment to Enhance Gas 
Production" 
S. Campbell, S. 
Ramachandran, K. 
Bartrip 
First to consider the corrosion reduction 
potential and benefits of surfactants 
15 84823 2003 "Surfactant Dewatering of Production and 
Gas Storage Wells" 
S. Ramachandran, J. 
Bigler, D. Orta 
First to investigate the use of surfactant 
for well revival after being killed for 
maintenance 
16 72092 2004 "Solving Gas-Well Liquid Loading 
Problems" 
J.F. Lea, H.V. Nickens Review of available methods for gas well 
liquid unloading 
17 94081 2005 "A Systematic Approach to Predicting 
Liquid Loading in Gas Wells" 
B. Guo, A. Ghalambor, 
C. Xu 
First to model critical unloading rate based 
on kinetic energy theory, showing that 
bottom hole conditions are controlling 
18 95282 2005 "Modelling the Gas Well Liquid Loading 
Process" 
N. Dousi, C.A.M. 
Veeken, P.K. Currie 
First model to predict the metastable 
flowrate and the liquid loading time until 
the well dies 
19 IPTC 
11028 
2005 "Improved Production from Mature Gas 
Wells by Intoducing Surfactants into 
Wells" 
W. Jelinek, L.L. 
Schramm 
Review of literature and case study for 
application of surfactant in Germany 
20 100514 2006 "Increasing the Production from Marginal 
Gas Wells" 
C.W. Bowman, J.A. 
Collins 
Review of literature and promo case study 
for application of surfactant in the North 
Sea 
21 100663 2006 "Acoustic Liquid-Level Determination of 
Liquid Loading in Gas Wells" 
O.L. Rowlan, J.N. 
McCoy, A.L. Podio 
First to discuss the applications and 
methods for liquid level shooting down the 
tubing of a well 
22 101276 2006 "Production Optimization Challenges of 
Gas Wells with Liquid Loading Problems 
Using Foaming Agents" 
M. Solesa, S. Sevic First to specify a batch foamer procedure 
and define general rules for surfactant 
viability 
23 106465 2007 "Foam-Assisted Lift - Importance of 
Selection and Application" 
B.P. Price, B. Gothard First to explore surfactant injection for 
flowing gas wells and define a general 
diagnostic plan 
24 108380 2007 "Highly Successful Batch Application of 
Foam for Lifting Liquids from Low-
Pressure Gas Wells" 
W. Schinagl, S.R. Green, 
A.C. Hodds, M. Caskie, 
M. Docherty 
First to present a simple equation for the 
determination of foam travel time 
25 PETSOC 
2007-
118 
2007 "A Theoretical Model for Optimizing 
Surfactant Usage in a Gas Well 
Dewatering Process" 
H. Li, D. Yang, Q. Zhang First to optimise surfactant concentration 
using a semi-analytical method 
Candidate Paper  iii 
No. Paper Year Title Authors Contribution 
26 106699 2008 "An Improved Model for the Liquid-
Loading Process in Gas Wells" 
F. van Gool, P.K. Currie First to generalise the injection and 
production intervals in the Dousi 
metastable flow model 
27 115567 2008 "Prediction Onset and Dynamic Behavious 
of Liquid Loading Gas Wells" 
S.P.C. Belfroid, W. 
Schiferli, G.J.N. Alberts, 
C.A.M. Veeken, E. 
Biezen 
First to correct the Turner model for the 
impact of well deviation 
28 120643 2009 "Acoustic Liquid Level Testing of Gas 
Wells" 
J.N. McCoy, O.L. 
Rowlan, A.L. Podio 
First in-depth discussion of acoustic liquid 
level analysis for all applications 
29 120580 2010 "A New Model for Predicting Gas-Well 
Liquid Loading" 
D. Zhou, H. Yuan First to include the liquid holdup in the 
calculation of critical gas velocity 
30 120625 2010 "Guidelines for the Proper Application of 
Critical Velocity Calculations" 
R.P. Sutton, S.A. Cox, 
J.F. Lea, O.L. Rowlan 
First to provide a comprehensive method 
for liquid-loading PVT property 
calculations and to discount Coleman's 
Turner model revisions 
31 123657 2010 "Gas-Well Liquid-Loading-Field-Data 
Analysis and Multiphase-Flow Modeling" 
K. Veeken, B. Hu, W. 
Schiferli 
First to conduct a thorough completion 
sensitivity analysis and multiphase flow 
modelling for liquid film reversal 
32 128470 2010 "Investigation of Gas Well Liquid Loading 
with a Transient Multiphase Flow Model" 
R.Y. Yusuf, K. Veeken, 
B. Hu 
First to use a transient-state flow simulator 
to predict the critical gas velocity 
33 134143 2010 "Increasing Lazy Gas Well Production: A 
Field Wide Case History in Northern 
Alberta" 
J.J. Wylde Review of literature and case study for 
application of surfactant in Canada 
34 134483 2011 "New Perspective on Gas-Well Liquid 
Loading and Unloading" 
C.A.M. Veeken, S.P.C. 
Belfroid 
First to consider potential film-flow 
reversal techniques 
35 164095 2013 "The Effect of Surfactants on Vertical Air / 
Water Flow for Prevention of Liquid 
Loading" 
A.T. van Nimwegen, L.M. 
Portela, R.A.W.M. 
Henkes 
First pilot scale investigation into 
optimisation based on foam concentration, 
surface tension and pressure drop 
  
iv  Candidate Paper 
Appendix B.  Literature Review 
 
AIChE Journal 1, Vol 2 (1955) 
 
Liquid Films in Viscous Flow 
Authors: Jackson, M.L. 
Contribution: A method to precisely measure viscous fluid flow film thickness for the identification of wave motion, 
understanding of when surface tension plays an important role and the derivation for film flow equations inside small-diameter 
tubes. 
Objective: To measure, characterise and explain with a fundamental equation the film flow of viscous fluids through small 
diameter tubes.  
Methodology: 
1) A small amount of radioactive material is dissolved in liquid in order for the film thickness to be measured by the 
radiation emitted, based on calibration from a known condition 
2) Six liquids of viscosities varying from 0.5 to 20 cP were observed with measurements taken 
3) The impact of surface tension in wave flow is evaluated 
4) Equations for film flow through a tube were derived and their applicability tested 
5) The Froude number is applied for determination of wave inception 
Conclusions: 
1) Liquids with viscosity less than that of water exhibit the film thicknesses expected for true viscous flow even though 
waves are present and liquids with a viscosity greater than that of water show film thicknesses less than for viscous 
flow. The departure from normal behaviour increases with increasing viscosity 
2) For low-viscosity liquids, the less complex equations for flow down a flat plate may be used 
Comments: Work is directly applicable to the injection of fluid (e.g. foam agent) down the tubing and enables the application 
of the simple flat plate equations for foam travel time calculation. 
 
DOI 6660 (1965) 
 
Foaming Agents for Removing Problem Liquids from Gas Wells 
Authors: Eakin, J. L. 
Contribution: Identification of foaming agent types (cationic, anionic, amphoteric or non-ionic) which are effective in foaming 
high mineral content brine samples. Laboratory results of emulsifying agents and viscosity building agents to establish their 
foam-producing characteristics in brine-oil mixtures. 
Objective: Determination of agents which are effective in foaming heavy brines and oil from gas wells in varying proportions, 
with dynamic tests designed to establish the most effective agent.  
Methodology: 
6) The effectiveness of various foaming agent types (at either 0.5% or 1% solution concentration) was tested on NaCl 
brines (varying from 0% to 25%) by measuring the volume carryover in a simple lab shaker test 
7) These same foaming agents were tested against 10% and 20% Brine-Oil mixtures of 50-50 and 25-75 volume 
percentage 
8) The impact of temperature was demonstrated through a single test conducted at both 87°C and 57°C 
Conclusions: 
3) Some detergents can foam brines under severe saline conditions 
4) Nonionic agents cannot be expected to work in the presence of oil 
5) Foaming of brine-oil mixtures is unlikely to be an effective technique 
6) Foaming of oil-only loaded wells is difficult due to the already very low surface tension 
7) Laboratory tests should be undertaken on a well-specific basic to determine suitable agents 
 
Comments: Foam agent type, general description and active ingredient composition given, yielding a broadly applicable 
results set for potential comparison with agents today. Many of the modern agents were not yet developed so this work may 
not be extended to these. 
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SPE 2198 (1969) 
 
Analysis and Prediction of Minimum Flow Rate for Continuous Removal of Liquids from Gas Wells 
Authors: Turner, R. G.; Hubbard, M.G.; Dukler, A. E. 
Contribution: Established the entrained drop model as controlling and provided a direct method for predicting the minimum 
gas velocity for prevention of liquid loading. 
Objective: Determination of whether the liquid film on the wall of a tubular conduit (where the liquid is moved upward by 
interfacial shear) or the entrained drops in a vertically upward flowing gas stream is controlling for the minimum unloading 
condition by comparison with field data. 
Methodology: 
1) Liquid film and entrained droplet models reviewed, stating all intrinsic assumptions 
2) Published production data and well test data were combined to form a test data matrix for flow through the tubing and 
the annulus 
3) Assumptions: 
a. Interfacial tension of the hydrocarbon liquids was estimated from a correlation based on molecular weight 
b. Bottomhole temperature was estimated based on local area geothermal gradients 
c. Density of the liquid phase and gas phase were estimated based on experience 
4) Calculated minimum rates are compared with the observed rate, which if known to be adequate for unloading in 
reality should be higher 
5) A rate uplift of 20% is built into the model in order to best fit the available data set 
Conclusions: 
1) Surface tension (to the fourth root) can be consolidated into a constant for brine or oil 
2) The derived equations may be used in either tubing or annular (or other) flow geometries 
3) If both water and condensate are present the properties of the denser should be used 
Comments: Sets the standard methodology for calculation of liquid unloading rates upon which nearly every subsequent paper 
is either based or aims to build upon. Data set well head pressures are all >> 500psi, which may result in some inaccuracies for 
very low pressure wells. 
 
SPE 7467 (1980) 
 
Case Histories: Identification of and Remedial Action for Liquid Loading in Gas Wells – Intermediate Shelf Gas Play 
Authors: Libson, T. N.; Henry, J. R. 
Contribution: Description with case studies illustrating how to identify and remedy liquid loading issues in low volume gas 
wells and the successful application of gas well surfactant injection. 
Objective: Review of gas liquid unloading methods and case histories to identify optimum selection criteria. To provide a 
guide as to when surfactant injection may or may not be expected to work.  
Methodology: 
1) Surfactant was injected down the annulus of a number of marginal gas wells which experienced water loading, 
condensate loading and a mixture of both 
2) Surface casing pressure, tubing pressure and production rate were measured before and after treatment with thorough 
analysis of the results 
Conclusions: 
1) A value of vgc of 1000 ft/min was established for the Intermediate Shelf gas play 
2) A dP of >200psi between tubing and casing was established as a key liquid loading indicator 
3) Surfactant injection can be used as a major method to remedy brine-loaded marginal wells 
Comments: Largely non-technical, however the method of review and numerous example cases provide a useful real world 
application of foam technology application. 
  
vi  Candidate Paper 
SPE 11644 (1983) 
 
Use of Foaming Agents to Alleviate Liquid Loading in Greater Green River TFG Wells 
Authors: Vosika, J. L. 
Contribution: First to provide an in-depth selection procedure for surfactant selection, application and optimisation specifically 
for liquid loading wells coupled with an economic evaluation. 
Objective: Provide an overview of the lab and non-lab based selection procedure for foaming agents and their application in 
brine/condensate mixtures, followed by field trials to confirm the efficacy. 
Methodology: 
1) Foaming agents texted using Ross-Miles static and a dynamic test to evaluate performance 
2) The two best performing foamers were brought forward to continuous field trials 
Conclusions: 
1) Foaming agent injection is an economical and effective way to solve liquid loading issues 
2) A water-condensate foamer mixture is less effective than each foamer used separately for its particular application 
Comments: Drastic production increases were observed in some test wells (e.g. Chaplin 450 from 2.3 to 34 MCFD against 
initial potential of 188 MCFD) while others experienced far less change (e.g. Chaplin 536 from 52 to 66 MCFD against initial 
potential of 536 MCFD) with little explanation and insufficient well completion details to investigate the critical flowrate. 
 
AIChE Journal 34, Vol 3 (1965) 
 
Countercurrent Gas-Liquid Annular Flow, Including the Flooding State 
Authors: Zabaras, G.J., Dukler, A.E. 
Contribution: Established the effect of counter-current gas flow mechanistically on annular film thickness, including the 
observation that waves propagate downwards and are never of amplitude great enough to form tube bridging. 
Objective: Form a mechanistic understanding of the formation of waves and the impact counter current gas flow has on film 
thickness. 
Methodology: 
1) The distribution of liquid in upflow and downflow at various positions within the tube are measured, in addition to 
wall shear stress and pressure gradient 
2) The time dependence of these measurements is investigated 
3) Analysis of existing models to explain flooding, showing them to be inaccurate 
Conclusions: 
1) Fluid film waves propagate vertically 
2) Wave amplitude is never great enough to form bridging (20% was maximum observed) 
3) Existing models are inaccurate in their description of flooding 
4) Flooding is controlled by conditions that exist at or close to the point of feed entry 
Comments: In wavy films the flow may be laminar even at liquid rates where the film has been considered turbulent. Film 
thickness is expected to be <20% with counter current gas flow so it is reasonable to assume that with a static gas column the 
film thickness can be considered as small. The importance of the fluid entry conditions are made clear for flooding, the logic 
for which can be extrapolated. 
 
SPE 20280 (1991) 
 
A New Look at Predicting Gas-Well Load-Up 
Authors: Coleman, S. B.; Clay, H. B.; McCurdy, D. G.; Norris, H. L. III 
Contribution: First to revise Turner et al’s model for application to marginal wells. Realisation that wells with concentric 
tubing strings that terminate some distance above the completion interval will generally not follow qgc based on flowing tubing 
head pressure. 
Objective: To establish validity of Turner et al’s critical gas rate method for wells with WHP <500psi as liquid loading 
problems generally worsen with continued decline in reservoir pressure. 
Methodology: 
1) Two sources of field data were analysed and compared with the Turner predicted rates 
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2) The match was improved without the 20% Turner uplift for these low pressure wells 
Conclusions: 
1) The minimum unloading flowrate can be predicted using Turner et al, without the 20% uplift 
2)  Liquid/gas ratios below 22.5 bbl/MMscf have no influence in determining loading onset 
3) Wells that exhibit slugging behaviour may not follow the liquid-droplet model 
4) Tubing head pressures are not sufficient to predict load-up for tubing strings that terminate some distance above the 
completion interval 
Comments: Reduction in the liquid loading coefficient may provide justification for increased reserves estimates however 
should be viewed as an optimistic case. Subsequent work by Sutton et al [SPE 120625] proposes a more robust correction. 
 
 
SPE 21639 (1991) 
 
Foamed Gas Lift 
Authors:  Bernadiner, M. G. 
Contribution: First application of surfactant injection to supplement the effectiveness of a gas lift system, evaluated at both lab 
and field scale. 
Objective: To increase the effectiveness of gas lift and extent its application in depleted reservoirs through injection of 
foaming agent into a gas-liquid flow. 
Methodology: A lab scale gas lift apparatus was tested with foaming agent, upscaled using the Froude number and ratio of 
experimental to well flowrates. This was followed by two field trials.  
Conclusions: 
1) Foamed gas lift has is a potential method for producing oil from depleted reservoirs 
2) Production across the three trialled wells increased by circa. 25% 
Comments: Demonstration of foam agent versatility for other gas well applications as the reduction of density and surface 
tension tends to improve production regardless of well deliverability. 
 
SPE 24860 (1992) 
 
Predicting Gas Well Load-Up Using Nodal System Analysis 
Authors:  Moltz, A.K. 
Contribution: First to incorporate fluid phase envelope / PVT data for gas well load-up prediction 
Objective: To demonstrate that compositional wellbore fluid modelling is required for applications of nodal analysis to 
prediction of gas well load-up. 
Methodology: 
1. Simulation of wellbore fluids through compositional modelling was conducted 
2. Production rates and pressures were matched for gas wells through iterative step-function calculations at nodes 
throughout the wellbore 
Conclusions: 
1) Nodal system analysis can accurately predict the reservoir pressure and flow rate at the onset of load-up when 
compositional wellbore fluid modelling is used. 
2) The presence of condensed water can substantially increase the pressure required for unloading 
3) Load-up prediction and reserve estimates should be based on the first occurrence of slug flow in the wellbore 
Comments: Highlights that due to the decline in reservoir pressure the rate is expected to drop directly but also due to gas 
compositional changes, liquid phase envelope changes as well as static liquid column restrictions.  
 
SPE 37425 (1997) 
 
Foam-Assisted Liquid Lifting in Low Pressure Gas Wells 
Authors: Saleh, S.; Al-Jamae’y, M. 
Contribution: First quantitative assessment of the impact on flow regime by the presence of surfactant. 
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Objective: To assess the foam lift efficiency and flow mechanics and to observe the flow regimes developed with a reduced 
surface tension compared with conventional two-phase regime maps. 
Methodology: Pilot scale vertical flow loop apparatus setup to simulate tubing and casing during gas well unloading in the 
presence of foaming agent. 
Conclusions: 
1) The generation of foam was the most dominant mechanism for promoting liquid lift with foam texture and stability 
playing a major role in the efficiency of the lift process 
2) Foam presence reduced the critical gas velocity by an order of magnitude  
Comments: Further work is required to map out the actual flow regime map for foam-flow. 
 
SPE 98016 (1998) 
 
A Novel Approach to Inhibitor Fall Rate Studies for Batch Application 
Authors: Nafis, P.A., Dewanto, H., Syahwan, M. 
Contribution: First to use a downhole gradiomanometer to measure the fall rate of a corrosion inhibitor pumped into uncoated 
tubing 
Objective:  
1) To establish a methodology for the determination of liquid fall rate 
2) To evaluate the fall rate of corrosion inhibitor to achieve optimal well shut-in 
Methodology: A downhole gradiomanometer was placed in the tubing above the plug and the time required for the inhibitor 
(injected at the tubing head) to reach this position was measured as indicated by a change in fluid density. 
Conclusions: 
1) A gradiomanometer is practical and reliable for confirmation of fall rates 
2) Fall rate increases with increasing temperature, decreases with increasing tubing pressure and appears faster in coated 
tubing than in uncoated 
Comments: The findings of this work are conformational for the calculations on foam film flow down the tubing, with similar 
results and conclusions. 
 
SPE 52122 (1999) 
 
Successful Application of Foam for Lifting Liquids from Low-Pressure Gas Wells 
Authors: Siddiqui, S.; Yang, J. 
Contribution: First to investigate the effect of surfactant concentration, backpressure and tubing size on foamed liquid 
unloading rate 
Objective:  
3) To evaluate the efficiency of liquid lifting with foam for wells with and without a packer 
4) To compare the liquid lifting efficiency of different surfactants at different concentrations 
5) To compare different methods of generating foam 
Methodology: Experimental, based upon setup with two tubings (1” and 2”) and one casing (4”) where holdup is measured as 
the percentage of the total height of tubing that is filled with water after the experiment is stopped. 
Conclusions: 
3) Liquid lifting efficiency (LLE) is found to improve with the injection of foam 
4) Increase of liquid lifting rate and decrease of liquid holdup is found with increased foamer concentration to a certain 
optimum, which may coincide with critical micelle concentration 
5) The LLE during foam injection improves for a higher gas flowrate 
6) The effect of tubing size on LLE is reduced in the presence of foam 
7) Back-pressure reduces the LLE and is more pronounced in systems without a packer 
Comments: Findings support field observations for foam usage and further indicate that optimum may be equal to the CMC 
provides a guide for field optimisation. 
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SPE 66540 (2000) 
 
A New Approach for Accurate Prediction of Loading in Gas Wells Under Different Flowing Conditions 
Authors: Nosseir, M. A.; Darwich, T. A.; Sayyouh, M. H.; Sallaly, M. E. 
Contribution: First to remove the empirical reliance from the Turner model through the incorporation of Reynolds number to 
the calculation of the flow coefficient 
Objective:  
1) To generalise the Turner equation for more accurate application to transitional and turbulent flow regimes 
2) Comparison of results with Exxon field data and original Turner data 
Methodology: Consider the flow regime (using Allen’s equation for transition and Newton’s equation for turbulent) which 
directly affects the shape of the droplet (with Hinze’s equation for largest drop diameter) and hence the critical velocity 
equation. 
Conclusions: 
1) Turner’s general droplet model is valid however increased accuracy is possible by considering the flow regime based 
on the prevailing conditions 
Comments: Inherent assumptions based on the surface tension, viscosity and drag coefficient itself. 
 
SPE 67325 (2001) 
 
Corrosion Inhibition / Foamer Combination Treatment to Enhance Gas Production 
Authors: Campbell, S.; Ramachandran, S.; Bartrip, K. 
Contribution: First to consider the corrosion reduction potential and benefits of surfactants. 
Objective:  To establish the relationship for a range of commercial surfactants on foaming. 
Methodology: Semi-quantitative model based up Turner with unspecified empirical correlations based on commercial products 
(not detailed) to predict gas well loading or unloading. 
Conclusions: 
1)  Foam density rapidly increases (i.e. foaming decreases) with condensate 
2) A reduction in corrosion rate is achieved through removal of liquid holdup in the well 
Comments: Detailed description of the three-stage process controlling foam lifetime and the governing factors for stable foam 
creation. Paper becomes more of an advertisement of products and services beyond the initial introduction. 
 
SPE 84823 (2003) 
 
Surfactant Dewatering of Production and Gas Storage Wells 
Authors:  Ramachandran, S.; Bilger, J.; Orta, D. 
Contribution: First to investigate the use of surfactant for well revival after being killed for maintenance or gas storage wells. 
Objective: Description of a computer model developed by Baker Petrolite to determine the gas well operating envelope for 
liquid unloading. 
Methodology: Turner critical gas velocity calculation with empirical foam model. 
Conclusions: Foaming agents may be used for unloading of more than just marginal gas producers. 
Comments: Paper is essentially an advertisement of products and services available. 
 
SPE 72092 (2004) 
 
Solving Gas-Well Liquid Loading Problems 
Authors: Lea, J. F.; Nickens, H. V. 
Contribution: Provides a comprehensive review of available methods for gas well liquid unloading 
Objective: Summarise gas well liquid loading elements including: causes, analysis and mitigations 
Methodology: N/A 
Conclusions: N/A 
Comments: Up-to-date and high level overview 
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SPE 94081 (2005) 
 
A Systematic Approach to Predicting Liquid Loading in Gas Wells 
Authors: Guo, B.; Ghalambor, A. 
Contribution: First to model critical unloading rate based on kinetic energy theory, showing that Turner’s velocity (including 
the +20%) underestimates and bottom hole conditions are controlling 
Objective: To develop a 4-phase (gas, oil, water, solid particles) closed-form analytical equation for predicting the minimum 
gas flow rate. 
Methodology: 
1) Minimum kinetic energy equation, as has been used in well-drilling 
2) Original Turner assumptions for surface tension and condensate density are preserved 
Conclusions: 
1) Turner’s method with +20% adjustment still under estimates the minimum gas velocity 
2) Kinetic energy theory indicates that the controlling conditions for liquid drop removal in gas wells are bottom hole 
conditions rather than wellhead conditions 
3) The new method developed on the basis of the minimum kinetic energy criterion and a 4-phase flow model is more 
accurate than Turner’s method 
Comments: Improvement in the accuracy, however application is cumbersome due to a large number of equations but quick-
reference plots are provided. 
 
SPE 95282 (2005) 
 
Modelling the Gas Well Liquid Loading Process 
Authors: Dousi, N.; Veeken, C. A. M.; Currie, P. K. 
Contribution: First model to predict the metastable flowrate and the liquid loading time until the well dies 
Objective: Describe the liquid loading behaviour by modelling the build-up and drainage of water in gas wells 
Methodology: 
1) Cullender Smith well flow model coupled with simplified Turner critical rate 
2) Well model assumes simplified single point of production and single point of re-injection 
3) Numerical program solves the model in an iterative manner over discrete timesteps 
Conclusions: 
1) Production data from mature gas fields show that gas wells can produce at metastable flowrates below the Turner rate 
2) A simplified model has been developed which reproduces gas-well liquid loading behaviour 
3) Sensitivity analyses show that a significant metastable rate can be observed in a well with good inflow performance, a 
low water gas ratio and a large gas column 
Comments: The metastable rate and prediction of when the well will die may be employed for better prediction of when 
production from a given well will cease and to inform on the well cycling pattern that may be expected for marginal wells. 
 
IPTC 11028 (2005) 
 
Improved Production from Mature Gas Wells by Introducing Surfactants into Wells 
Authors: Jelinek, W.; Schramm, L. L. 
Contribution: Review of literature and case study for application of surfactant in Germany 
Objective: To improve the production from late life wells in a German gas field 
Methodology: N/A 
Conclusions: N/A 
Comments: Comprehensive review of paper, with no work considered pioneering 
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SPE 100514 (2006) 
 
Increasing the Production from Marginal Gas Wells 
Authors: Bowman, C. W.; Collins, J. A. 
Contribution: Review of literature and a semi-promotional case study for application of surfactant in the North Sea 
Objective: Case study of capillary injection of surfactant to increase the production rate 
Methodology: N/A 
Conclusions: N/A 
Comments: Capillary tubing must be terminated at the well perforations in order for adequate mixing and agitation 
 
SPE 100663 (2006) 
 
Acoustic Liquid-Level Determination of Liquid Loading in Gas Wells 
Authors: Rowlan, O.L., McCoy, J.N., Podio, A.L. 
Contribution: First to discuss the applications and modern day methods for liquid level shooting down the tubing of a well 
Objective: To outline the techniques for gaining well data from acoustic surveys down the production tubing 
Methodology: Analysis of the liquid level with time, based on phase redistribution and reinjection 
Conclusions: Acoustic fluid level surveys can be used for static and flowing BHP as well as the liquid level in the wellbore 
Comments: N/A 
 
SPE 101276 (2006) 
 
Production Optimization Challenges of Gas Wells with Liquid Loading Problems Using Foaming Agents 
Authors: Solesa, M.; Sevic, S. 
Contribution: First to specify a batch foamer procedure and to define a systematic set of rules for surfactant viability 
Objective: Describe the liquid loading behaviour by modelling the build-up and drainage of water in gas wells 
Methodology: N/A 
Conclusions: 
 
Comments: The paper recommends shutting the well in for circa 10 minutes and then bringing the well back online shortly 
after injection of the batch foamer treatment down the tubing. 
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SPE 106465 (2007) 
 
Foam-Assisted Lift - Importance of Selection and Application 
Authors: Price, B. P.; Gothard, B. 
Contribution: First to explore surfactant injection in flowing gas wells and define a diagnostics plan. 
Objective: To maximize return through a comprehensive deliquification strategy. 
Methodology: N/A 
Conclusions: 
1) The three key areas for consideration are well diagnostic, foaming agent selection and proper application 
2) It is strongly recommended that flowing wells be evaluated prior to non-flowing wells if a producer’s goal is to 
increase revenue from a portfolio of wells 
Comments: Pragmatic paper which provides an example scheme for implementation. 
 
SPE 108380 (2007) 
 
Highly Successful Batch Application of Foam for Lifting Liquids from Low-Pressure Gas Wells 
Authors: Schinagl, W., Green, S.R., Hodds, A.C., Caskie, M., Docherty, M. 
Contribution: First to present a simple equation for the determination of foam travel time coupled with a practical study 
Objective: Document the results of a successful batch foamer application trial 
Methodology: N/A 
Conclusions: Batch foaming was highly successful and increased the time cycling wells were able to remain online, increased 
the lifted liquids and added production due to the increased uptime. 
Comments: N/A 
 
PETSOC 2007-118 (2007) 
 
A Theoretical Model for Optimizing Surfactant Usage in a Gas Well Dewatering Process 
Authors:  Li, H.; Yang, D.; Zhang, Q. 
Contribution: First to optimise surfactant concentration based on a calibration curve. 
Objective:  To establish a method to optimise the surfactant concentration and to in turn optimise the foam dewatering 
performance by maximising the gas production rate per unit rate of the foaming agents 
Methodology: Turner rates modelled with prediction of concentration required as f(Qgas) 
Conclusions: 
1) Surfactant usage may be optimised using the method presented 
2) Optimisation of surfactant addition to gas production rate is possible 
Comments: N/A 
 
SPE 106699 (2008) 
 
An Improved Model for the Liquid-Loading Process in Gas Wells 
Authors: van Gool, F.; Currie, P. K. 
Contribution: First to generalise the injection and production intervals in the Dousi metastable flow model for a more realistic 
prediction 
Objective: To improve upon the Dousi model for describing the liquid-loading process in gas wells. 
Methodology: 
1) The Dousi Model was improved by breaking it down vertically into discrete segments for which the pressure is 
calculated independently at each timestep 
2) The rate (either production or re-injection) is evaluated correspondingly 
Conclusions: 
1) It is possible for production and re-injection to occur simultaneously at vertically separated positions within the 
wellbore 
2) The well cleanup time for re-injection is seen to be greater with the improved model 
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Comments: N/A 
 
SPE 115567 (2008) 
 
Prediction Onset and Dynamic Behavious of Liquid Loading Gas Wells 
Authors: Belfroid, S. P. C.; Schiferli, W.; Alberts, G. J. N.; Veeken, C. A. M.; Biezen, E. 
Contribution: First to revise Turner et al’s model for the impact of well deviation. 
Objective:  To establish the impact of reservoir permeability and well deviation on the Turner critical gas velocity. 
Methodology: 
1) Combination of the Fiedler shape function with the classic Turner prediction 
Conclusions: 
1) High permeability wells will react to system changes and liquid load very quickly 
2) Mechanisms of decreased gravity and increased film thickness influence the critical rate 
3) A maximum in the critical velocity is observed around an inclination of 50° with a critical rate 40% higher than for a 
vertical well 
Comments: Error of the prediction is expected to be +/- 20% for all pipe inclinations. 
 
SPE 120643 (2009) 
 
Acoustic Liquid Level Testing of Gas Wells 
Authors: McCoy, J.N., Rowlan, O.L., Podio, A.L. 
Contribution: First in-depth discussion of acoustic liquid level analysis for all applications 
Objective: To describe analysis techniques used to determine the distance to the liquid level in gas wells with gas lift mandrels, 
liners, multiple zones of perforations, tubing holes, flush pipe and other conditions which result in difficult to interpret 
acoustic traces. 
Methodology: N/A 
Conclusions:  
1. The presence of a packer makes shooting a gas well more difficult; however with gas velocity calibration it is still 
possible 
2. Multiple shorts should be taken and examined for each measurement to ensure they match 
3. Do not shoot through a needle valve as a hole of ½” or larger is required 
Comments: Very useful for accurate self-interpretation of the present study’s acoustic data. 
 
SPE 120580 (2010) 
 
A New Model for Predicting Gas-Well Liquid Loading 
Authors: Zhou, D.; Yuan, H. 
Contribution: First to include the liquid holdup in the calculation of critical gas velocity to determine a cut-off for Turner gas 
rate prediction applicability 
Objective:  Provide a new, more accurate, model to predict the critical gas rate 
Methodology: Two-part equation to evaluate using Turner if holdup is below a threshold and evaluate with a concentration 
model if above the threshold 
Conclusions: 
1) Liquid-droplet concentration may be a third mechanism for liquid loading 
2) Above a threshold value of Hl, concentration starts to impact liquid loading 
Comments: N/A 
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SPE 120625 (2010) 
 
Guidelines for the Proper Application of Critical Velocity Calculations 
Authors: Sutton, R. P.; Cox, S. A.; Lea, J. F.; Rowlan, O. L. 
Contribution: First to provide a comprehensive method for liquid loading PVT property calculations for optimal accuracy in 
critical gas velocity calculation. 
Objective:  Provide recommendations for the determination of the critical gas velocity in a well. 
Methodology: Property calculation methods including fluid density, surface tension and determination of evaluation location 
(hence pressure, pressure drop, tubing pressure gradient, flowing temperature and gas gravity). 
Conclusions: 
1) Currently accepted calculation methods result in a large error for gas-condensate wells 
2) A new, more accurate method to predict gas-water surface tension has been developed 
3) The critical velocity is essentially the boundary between slug flow and mist flow 
4) The evaluation point for determining vgc can be either wellhead or bottomhole 
5) Turner provided for ≈20% safety factor, which is required to ensure unloading 
Comments: Highly helpful guideline in constructing a robust model for critical velocity calculation. 
 
SPE 123657 (2010) 
 
Gas-Well Liquid-Loading-Field-Data Analysis and Multiphase-Flow Modeling 
Authors: Veeken, K.; Hu, B.; Schiferli, W. 
Contribution: Presents sensitivity analysis of the liquid loading gas rate for different well parameters and supports through 
multiphase flow modelling the concept that liquid film reversal is controlling 
Objective:  To analyse well parameter sensitivity and gas well liquid unloading factors 
Methodology:  
1) Simplified Jones’ (non-Darcy Forchheimer factor = 0) for IPR generation 
2) Quadratic and linear regression is performed to investigate the well parameter influence and Turner Ratio is 
normalised with Qmin to isolate the parameters 
3) Steady state (Modified Gray) and transient (OLGA) analysis for simulation of the impact 
Conclusions: 
1) Best match is achieved by correlation against the absolute critical gas rate. The inflow performance, wellbore 
deviation and completion ID do not have a significant independent influence 
2) The onset of liquid-loading corresponds to the gas rate at which the outflow curve reaches its minimum FBHP 
(outflow characteristics change from friction to gravity-dominated) 
3) Well deviation influence is not accurate in the FRM-based outflow correlations used 
4) Short (<10% total length) wellbore section with larger ID do not influence significantly 
5) Flow-loop testing and transient multiphase flow modelling both suggest that liquid loading is triggered by liquid-film-
flow (not reverse droplet flow) 
Comments: Excellent framework for a similar study on the Northern North Sea region. 
 
SPE 128470 (2010) 
 
Investigation of Gas Well Liquid Loading with a Transient Multiphase Flow Model 
Authors: Yusuf, R.; Veeken, K.; Hu, B. 
Contribution: In-depth review of a transient-state flow simulator’s ability to predict the critical gas velocity within +/-20% 
error. 
Objective:  Investigate the prediction of gas well loading with a transient multiphase flow model. 
Methodology:  OLGA transient multiphase flow model. 
Conclusions: 
1) The results of the OLGA predictions are within the +/-20% window (2 exceptions of 15) and predict more closely 
than the original Turner model 
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2) Low condensate gas ratio (CGR) conditions are not accurately represented in OLGA due to the assumption of a thin 
condensate film between the gas and water phase 
Comments: N/A 
 
SPE 134143 (2010) 
 
Increasing Lazy Gas Well Production: A Field Wide Case History in Northern Alberta 
Authors: Wylde, J. J. 
Contribution: Review of literature and case study for application of surfactant in Canada with details of the surfactant 
chemistry 
Objective:  To document the application of surfactant in Canada 
Methodology: N/A 
Conclusions: Liquid foamer generally results in better results as it is easier to control the dose 
Comments: Explanation of Anionic, Cationic, Amphoteric and Non-ionic foaming agents 
 
 
SPE 134483 (2010) 
 
Use of Wellbore-Reservoir Coupled Dynamic Simulation to Evaluate the Cycling Capability of Liquid-Loaded Gas Wells 
Authors: Veeken, C. A. M.; Belfroid, S. P. C. 
Contribution: First to consider potential film-flow reversal techniques for prevention of loading. 
Objective:  Investigate the impact of film-flow reversal on existing gas well liquid unloading techniques such as foam injection 
and to discuss new methods that specifically aim to delay film flow reversal. 
Methodology: Combination of IPR, Cullender-Smith and experimental with pressure measurements and high-speed camera 
observations 
Conclusions: 
1) Film-flow reversal does not impact the practical value of droplet reversal based Turner criteria 
2) Hydrophobic coated tubing is the most promising potential technique (of coating, tapered profile and orifice) 
3) Hydrophobic coating is especially positive for tight reservoirs or prolific reservoirs if B (gravitational pressure drop) 
is reduced 
Comments: N/A 
 
SPE 164095 (2013) 
 
The Effect of Surfactants on Vertical Air / Water Flow for Prevention of Liquid Loading 
Authors: van Nimwegen, A.T., Portela, L.M., Henkes, R.A.W.M. 
Contribution: First pilot scale investigation into optimisation based on foam concentration, surface tension and pressure drop 
Objective: To determine the best method for surfactant concentration optimisation to minimise flowing pressure drop 
Methodology:  
1. Conduct laboratory experiments of air-water flow at atmospheric conditions with two different surfactants 
2. Use of a high-speed camera to visualize the flow 
3. Pressure drop measurements taken 
Conclusions: 
1. The pressure drop at high superficial gas velocities increases with increasing surfactant concentration as the foam that 
is formed leads to a larger roughness of the air-liquid interface. 
2. At low gas velocities, the surfactants are able to reduce the pressure drop 
3. Surfactants significantly decrease the gas flow rate of the transition between churn and annular flow 
4. Critical Micelle Concentration is not a good predictor of the dose rate required to decrease the pressure drop. 
5. Static surface tension is not a good predictor of the foam formation 
Comments: N/A 
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Appendix C.  Foam Efficacy 
 
The table below contains calculations of Liquid-Loading Rates at key points along the wellbore. ‘Turner Cond’ rate is based 
upon the classic Turner et al. (1969) prediction assuming 100% condensate in the wellbore. ‘Turner Water’ is based upon the 
classic Turner prediction assuming 100% water in the wellbore. ‘Turner Rev’ is a revised turner, as suggested by Sutton et al. 
(2010), where the (somewhat unrealistic) fixed surface tension value for condensate is replaced with a dynamic value 
calculated from a surface tension model. The Coleman et al. (1991) prediction is essentially the same as the classic Turner 
prediction but with the ≈20% uplift factor removed. 
 
Appendix C-1. Liquid Loading Rates Calculation Summary 
  Segment - 1 2 3 4 5 6 7 8 
 
OD inch 4 1/2 4 1/2 5 1/2 5 1/2 4 1/2 4 1/2 7     7     
 
ID inch 3.958 3.958 5.43 5.43 3.958 3.958 6.184 6.184 
 
MD [ft] 0 776.5 776.5 17568.5 17568.5 17871.5 17871.5 17957.5 
 
TVD [ft] 0 750 750 12750 12750 12800 12800 12850 
 
A [ft2] 0.0854 0.0854 0.1608 0.1608 0.0854 0.0854 0.2086 0.2086 
 
Q actual MMscfd 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 
 
P [psia] 333.57 355.16 355.16 700.56 700.56 702.00 702.00 703.44 
 
P [bara] 23.00 24.49 24.49 48.30 48.30 48.40 48.40 48.50 
 
T [deg C] 35 39.80 39.80 116.68 116.68 117 117.00 117.32 
 
Z - 0.9852 0.9840 0.9840 0.9657 0.9657 0.9656 0.9656 0.9655 
 
 API - 50.2 50.2 50.2 50.2 50.2 50.2 50.2 50.2 
SURFACE  od dynes/cm 24.23 23.86 23.86 17.98 17.98 17.95 17.95 17.93 
TENSION Rs 
 
1.63E-04 1.63E-04 1.63E-04 1.63E-04 1.63E-04 1.63E-04 1.63E-04 1.63E-04 
   go /  od) dynes/cm 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
   go dynes/cm 24.23 23.86 23.86 17.98 17.98 17.95 17.95 17.93 
DENSITY  l lb/ft3 44.86 44.76 44.76 43.22 43.22 43.21 43.21 43.20 
 
 g lb/ft3 0.88 0.95 0.95 2.08 2.08 2.09 2.09 2.09 
Turner Cond  dynes/cm 45 45 45 45 45 45 45 45 
 
v c ft/s 13.59 13.05 13.05 8.69 8.69 8.68 8.68 8.67 
  Q gc MMscfd 2.08 2.09 3.94 4.27 2.27 2.27 5.54 5.54 
Turner Water  dynes/cm 67 67 67 67 67 67 67 67 
 
v c ft/s 15.01 14.42 14.42 9.60 9.60 9.59 9.59 9.58 
 
Q gc MMscfd 2.29 2.31 4.35 4.72 2.51 2.51 6.12 6.12 
Turner Rev v c ft/s 11.64 11.14 11.14 6.91 6.91 6.90 6.90 6.89 
  Q gc MMscfd 1.78 1.79 3.36 3.40 1.80 1.80 4.40 4.40 
Coleman v c ft/s 9.70 9.28 9.28 5.76 5.76 5.75 5.75 5.74 
  Q gc MMscfd 1.48 1.49 2.80 2.83 1.50 1.50 3.67 3.67 
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This data covers all 18 wells which have been batch foam treated, whether the foam treatment was successful or unsuccessful. 
The gain for each benefit type is averaged for each of the wells and this result is correlated against the completion parameter 
individually one by one. The analysis does not discriminate against or prioritise wells which are treated regularly, so each is 
given equal weight / value. Some parameters (such as liner size) do not have scalar-type variations and instead consist of only 
one of two values (or similar). The days benefit method and MMscf method both are imperfect in that there are underlying 
assumptions which may impact on the outcome. For days benefit the decision to cycle a well or not (the event to which the 
benefit is calculated) is made based on observation of tubing head temperature trends. As such there is a human factor 
involved as well as external factors, such as the ambient well head conditions. The MMscf benefit is not a measured value, but 
rather a value which is arrived at based on allocation and best-estimate well test information. This information is clearly not 
always 100% up to date, but represents the closest estimation without accurately sized orifice meters. 
 
Finding the summation of the linear and polynomial best-fit lines for each of the two benefit methods does not technically 
have statistical significant but aims to provide an equal measure of which parameters can be seen to have an overall strong 
correlation between benefit and variable completion parameters. As this investigation is based on highly imperfect data, the 
results are intended to inform if correlations exist rather than to describe them accurately with a precise mathematical model. 
 
Appendix C-2. Field Foam Efficacy Correlations with Well Completion 
  
Days Benefit MMscf Benefit 
 
# Tested Variable (Sorted) Lin, r
2
 Poly, r
2
 Lin, r
2
 Poly, r
2
 SUM 
0 Gas Rate 0.0012 0.1759 0.2832 0.3238 0.784 
1 Average tubing ID 0.0861 0.1509 0.1804 0.2423 0.660 
2 Avg tubing / casing ID to top perf 0.0743 0.1427 0.1858 0.2405 0.643 
3 Liner length bottom perf to WEG (MD) 0.0647 0.0767 0.1550 0.1558 0.452 
4 Tubing size (Upper completion) 0.0111 0.0182 0.1945 0.2122 0.436 
5 Liner length bottom perf to WEG (TVD) 0.0390 0.0599 0.1595 0.1768 0.435 
6 Dev (Res Section) 0.1145 0.1167 0.0646 0.0685 0.364 
7 Liner size 0.0010 0.0443 0.0715 0.1966 0.313 
8 Average Deviation 0.1011 0.1016 0.0155 0.0529 0.271 
9 Tubing size (lower completion) 0.0894 0.0895 0.0316 0.0502 0.261 
10 Liner length top perf to WEG (MD) 0.1076 0.1077 0.0003 0.0373 0.253 
11 Liner length top perf to WEG (TVD) 0.0879 0.0890 0.0021 0.0318 0.211 
12 Perf bottom 0.0599 0.0725 0.0297 0.0344 0.197 
13 Total tubing length 0.0626 0.0911 0.0141 0.0234 0.191 
14 WEG depth 0.0471 0.0915 0.0009 0.0233 0.163 
15 Total MD to top perf 0.0257 0.0492 0.0149 0.0324 0.122 
16 Perf top 0.0158 0.0510 0.0015 0.0354 0.104 
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Appendix C-3. Well Completion Correlations (x-axis = Benefit, y-axis = Tested Variable) 
Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Liner Size 
  
Dev (Res 
Section) 
  
Average 
Deviation 
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Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Perf Top 
  
Perf Bottom 
  
WEG depth 
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Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Tubing size 
(lower 
completion) 
  
Tubing size 
(upper 
completion) 
  
Liner length top 
perf to WEG 
(TVD) 
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Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Liner length 
bottom perf to 
WEG (TVD) 
  
Liner length top 
perf to WEG 
(MD) 
  
Liner length 
bottom perf to 
WEG (MD) 
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Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Tubing total 
length 
  
Average tubing 
ID 
  
Total MD to top 
perf 
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Tested 
Variable 
Days Benefit Plot MMscf Benefit Plot 
Average 
tubing/casing 
ID to top perf 
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For each of the two detailed test wells (W.01 and W.02) there have been many foam treatments since the process was first 
introduced some years ago. Each foam treatment result is indicated in the appropriate figure (above for W.01, below for W.02) 
by a single data point. Due to this there is extensive data available recorded on the production trending system which has a 
detailed record of various process parameters, including those above. Erroneous data points have been removed, based on the 
comments noted at the time of the foam treatment being carried out. Some of these values are directly measured (e.g. HP 
pressure) from instrument outputs and others are calculated values (e.g. soak time) based on the duration between two signal 
events from which the result is computed. It was observed that some significant variation occurred in the choke setting for 
W.01 with no resultant effect on downhole pressure, leading to the assumption that either flow is in the supersonic region or 
the equipment feedback is highly inaccurate. Very high average HP pressure results appeared to contradict logic in that these 
data points had the longest period witout the well faltering / needing to be cycled. Some of the values, such as Soak Time and 
Agitation Time do not experience a great deal of variability or values tend to be rounded due to human recording. Linear 
trends only have been investigated as through visual observation it is noted that a higher-order fit would not fit better. 
 
 
 
 
 
 
 
 
 
  
Appendix C-4. W.01, Dynamic Correlations 
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N/A 
 
 
 
 
  
Appendix C-5. W.02, Dynamic Correlations 
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Appendix D.  Batch Foam Optimisation 
 
The trend shown is of roughly two weeks duration and captures the full cycle of liquid loading via the downhole gauge 
information from W.01. The production rate measurement is not accurate as the orifice is over-sized such that the experienced 
pressure drop is not within range for the pressure transducer measurement. The annulus pressure, again, is not particularly 
useful as the wells in this field all have permanent packers in place. It can however be seen, at the left of the plot, that upon 
bringing the well back online the bottomhole pressure is low and stable. The pressure after some time begins to increase at a 
reasonable rate, before stabilizing once again. The cause for this pressure increase is not fully known. It can be seen that the 
tubing head pressure is stable throughout showing that the well is still flowing. This new stabilized pressure (higher) is 
maintained for some time. The tubing head temperature (yellow) begins to falter and shortly after this the pressure trend 
downhole begins to display ‘spiking’. The interpretation of this spiking is that the liquid level has built up in the well and the 
well is now beginning to experience slugging (possibly severe). These pressure fluctuations are witnessed clearly by the 
downhole gauge. It is thought that a net load-up is still taking place and eventually the liquid level in the wellbore physically 
reaches the level of the downhole gauge. When this occurs the pressure gradient of the liquid level build-up becomes 
significant and is detected by the steep sloping section. 
 
 
Appendix D-1. W.01, Liquid Loading 
  
Downhole Pressure 
Tubing Head Pressure 
Tubing Head Temperature 
Production Rate 
Annulus Pressure 
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Gas uncertainty distributions are chosen based on the known pressure range within the wellbore. The gas density is estimated 
initially based on the P between THP and gauge pressure at the same pressure point, from a shut in where it is known that the 
liquid level is below the gauge depth. As the tubing will be completely occupied by a static gas column at this point, the 
density of the field’s exact gas can be calculated with a high degree of certainty. The condensate density uncertainty is more 
significant. The PVT data is known, however the proportion of gas or water mixed into the static column is not known. 
 
 
Appendix D-2. W.01, Density Distributions (Liquid Level Uncertainty) 
 
Sensitivity analysis shows that despite the decreased level of ununcertainty for gas density, the much greater gas column 
height results in a very significant liquid level sensitivity to this parameter. As the condensate column is relatively small, and it 
is known to be at least up to the gauge depth, the effect of density variation is not great. 
 
  
Appendix D-3. W.01, Sensitivity to Gas and Condensate Gradients (kg/m3) 
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The film flow model work flow is shown below. The inputs necessary for the model include well completion details 
throughout the length of the well. Clearly, as the segment length is reduced the amount of accuracy is increased, however this 
is not expected to be very significant – but has not been tested. The completion details required are measured depth, true 
vertical depth, tubing internal diameter (or tubing external diameter and a look-up table of relationships) and wellbore average 
deviation across the segment. The foam liquid properties necessary include the following: A density function with temperature 
(due to the relative incompressibility of liquid with pressure), viscosity function with temperature (as viscosity is seen to vary 
with temperature but is independent of pressure) and injection rate. These functions can be specified from lab data, or in the 
case of this study can be extrapolated based on a single data point. This is clearly the least accurate method of determination. 
The injection rate is important as this is the conservation of mass limiting condition, which will determine the volumetric flow 
per wetted area and in turn the film thickness. 
 
 
Appendix D-4. Film Flow Model, Work Flow Including Inputs, Calculations and Outputs 
 
The tables below show the output of the sensitivity study, including input ranges and shapes of the distributions. Input ranges 
have been based on the actual range as encountered for this field (injection rate, well deviation, MD, tubing ID) or the 
expected range based on an approximated normalized variation (viscosity, density, temperature). 
 
Appendix D-5. Film Flow Model, Sensitivity Analysis Inputs 
 
Upper Input Percentage 
Variable Downside Upside Range Downside Upside Base Case Downside Upside 
Injection Rate 
[bbl / hr] 
6.44 4.58 1.86 0.75 1.25 1.00 0.210688 -0.14 
Deviation 
[degrees] 
5.08 6.59 1.51 7.00 63.00 30.00 -0.04501 0.24 
Well MD 
[ft] 
4.87 6.24 1.37 14000 21000 16000 -0.08376 0.173265 
Viscosity 
[cP norm] 
4.88 6.23 1.35 0.77 1.61 1 -0.08245 0.171992 
Tubing ID 
[inches] 
4.98 5.82 0.84 4 2/5 5 5/9 4 6/7 -0.06465 0 
Density 
[lb/ft3 norm] 
5.37 5.27 0.10 0.97 1.03 1 0.008782 -0.00964 
Temperature 
[°C norm] 
5.35 5.28 0.08 0.98 1.02 1 0.00651 -0.00764 
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Variable Dist Min Base Max StDev Type 
Injection Rate 
[bbl / hr] 
Decision 0.75 1 1.25 0.125 Dist. 
Deviation 
[degrees] 
Uniform 0 30 70 - Dist. 
Well MD 
[ft] 
Decision 13000 16000 22000 1000 Dist. 
Viscosity 
[cP norm] 
Triangle 3.96 4.85 6.05 - Dist. 
Tubing ID 
[inches] 
Triangle 0.97 1 1.03 - Factor 
Density 
[lb/ft3 norm] 
Triangle 0.95 1 1.05 - Factor 
Temperature 
[°C norm] 
Triangle 0.9 1 1.1 - Factor 
 
The spider diagram shows the sensitivity to each parameter, from which the key uncontrolled parameters were derived. 
 
 
Appendix D-6. Film Flow Model, Spider Plot 
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The sensitivity to injection rate is clear from the following plot. This is a controlled parameter as the surface pump is both 
maintained and monitored. The rate effect is not shown directly on the plot below, rather the time for a fixed volume. The 
caption provides the straightforward conversion. 
 
 
Appendix D-7. Effect of Pumping Rate on Foam Travel Time (1.5 hrs = 1.33 bbl/hr, 3 hrs = 0.67 bl/hr) 
 
As measured depth and wellbore deviation are the key parameters, the model has been simplified to a three-dimensional 
surface. This surface is linearly dependent on the measured depth. The dependency on wellbore deviation is controlled by the 
vertical gravity force term driving the fluid flow. As the force is calculated as cosine of the angle to vertical, a similar 
relationship is seen in the output from the model. The effect is amplified somewhat by the effective density difference 
changing with increasing gas density vertically down the well however, so it is not a fully straightforward relationship. 
 
 
Appendix D-8. Film Flow Model Surface 
(Note: MD has a linear relationship, but the effect of deviation increases rapidly at high values) 
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Appendix D-9. Film Flow Model Results, Wells W.04, W.02, W.03 
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Note: C.O.S. (Clariant Oil Services) ≡ Kelly (2012), stated as such as this information is based on a company presentation, not a published paper 
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Appendix D-10. Batch Foaming Quick Reference Chart – 2 cP (at 15.5 °C) 
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Appendix D-11. Batch Foaming Quick Reference Chart – 4 cP (at 15.5 °C) 
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Appendix D-12. Batch Foaming Quick Reference Chart – 6 cP (at 15.5 °C)
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The output from the film flow model is useful for the conditions under which the simulation is run only. In the case of the 
chart below, the film flow boundary condition (maximum rate) is dicated by the injection rate and the base liquid viscosity 
(which is seen to have a large effect) is 4.2 cP. Clearly, the chart is only useful for wells between MD 13,000ft and 22,000ft 
and so if wells outside this window are present it is not applicable. It should always be remembered that the plot is normalised 
to 4.85” tubing IDavg, the most length-weighted average for this field, and results must be brought back to the average diameter 
of the well in question. 
 
This plot shows two examples- assume for both examples that the well tubing IDavg is 5½”. 
 
Example 1: 
Well Average Deviation = 60  [deg] 
Measured Depth  = 19,000  [ft] 
Tubing IDavg  = 5½  [in.] 
 
Enter the chart at the left hand side, at 60 degrees. Move right until striking the 19,000 ft MD line. The line is struck in the 
clear or gridless region; hence the result corresponds to the upper x-axis. The dashed lines along each axis correspond to ten 
minute intervals. The Chrat Time result can be seen to be roughly 9 hours and 12 minutes, or 9.2 hours. Using the de-
normalising equation, this can be converted to a Travel Time of 9.8 hours (or 9 hours and 50 minutes). 
 
Example 2: 
Well Average Deviation = 30  [deg] 
Measured Depth  = 19,000  [ft] 
Tubing IDavg  = 5½  [in.] 
 
Using the same method as Example 1, but entering the plot at 30 degrees, the 19,000 ft MD line is struck in the grid region. 
Dropping a line vertically downwards to the lower x-axis, the Chart Time result is 7 hours 40 minutes, or 7.67 hours. 
Denormalising this yields a Travel Time result of 8.2 hours (or 8 hours 12 minutes). 
 
 
Appendix D-13. Example of Travel Time Chart in use.  
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Appendix E.  Discussion / Implementation 
 
Liquid Re-Injection Parameters 
 
Well W.01, taken as a horizontal well as the deviation through the reservoir section is 78 degrees. 
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Appendix E-1. Horizontal Well Generic Schematic 
 
Appendix E-2. Base Case Parameters for W.01 Re-Injection 
BASE CASE PARAMETERS Description Determination Logic 
L 1128.75 ft Length of perforated interval 1618 ft perforated at 78 degrees 
r eh 2805 ft Drainage radius 855m to nearest well 
a 2833.531 ft Calculated parameter - 
k v 
 
mD Vertical permeability  - 
k h 
 
mD Horizontal permeability - 
I ani 10 - Anisotropy (kh / kv) - 
mu cond 0.19 cP Condensate viscosity PVT characterisation 
B cond 1   Formation volume factor Unity as all measured at res. conditions 
h 60.276   Net pay thickness Summation of sand interval as per logs 
rw 0.29165 ft Wellbore radius - 
pwf 1814.24 psia Well flowing pressure At mid-perf based on S/I and cond in well 
pr 1720 psia Average reservoir pressure At mid-perf based on B/U and gas in well 
koh 0.7126 mD Horizontal relative permeability to cond Best available from cores / well tests 
  
 
    
Initial Q 25.1 bbl/d Initial (maximum) re-injection rate - 
 
 
Appendix E-3. Iani uncertainty effect on reinjection 
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Liquid Re-Injection Uncertainty 
 
This uncertainty is evaluated with the median koh and Iani values of 0.7126 mD and 10 respectively. It can be seen that fixing 
these two values yields a more well-defined re-injection range. This gives a good insight to what the re-injection may be like if 
the median values are indeed reasonably accurate. However, as these are the most uncertain parameters it may be useful to 
view a distribution with the full level of uncertainty. This case can be seen on the following page. 
 
 
Appendix E-4. Reinjection rate uncertainty (with Iani and koh fixed) 
 
 
Appendix E-5. Liquid Re-Injection Tornado Plot (Iani and koh fixed) 
 
Appendix E-6. Liquid Re-Injection Spider Plot (Iani and koh fixed) 
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The following plots show the initial re-injection rate expected while exploring the full uncertainty space (no fixed parameters). 
 
  
  
  
  
  
Appendix E-7. Uncertainty and Distributions for Re-Injection Parameters (no variables fixed) 
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Appendix E-8. Economic Analysis for W.02 incrimental production 
Direct 
W.02 rate @ MP 5.2 MMscf/d         
Press. Factor 0.7 -         
W.02 rate @ HP 3.64 MMscf/d         
Prod. Benefit - - 12 hours 0.5 days 
Incr. per treatment 1.82 MMscf         
              
Indirect 
Pre-Trial 37.0% - 62.15 hrs 2.59 days 
Post-Trial 15.5%   25.96 hrs 1.08 days 
Difference 21.5%   36.20 hrs 1.51 days 
MP well Prod. 3.1 MMscf/d         
Incr. per cycle 4.7 MMscf         
              
Economics 
Incr. per cycle (sum) 6.52 MMscf         
Annual Cycles 48 -         
Incr. per year 312.96 MMscf         
Gas price 0.66 £/therm         
Conversion 0.0972 Mscf/therm         
Gas price 6.79 £/Mscf         
Value     2,125,000  £/year         
 
Economic analysis has been conducted without incorporation of a discount factor. A pressure factor, based on previous rate 
measurements, has been applied in order to estimate the gas well rate when routed to high pressure (production) system versus 
the medium pressure (MP) system. The economics have not taken into account the reinjection of fluids and associated 
(potential) greater condensate yield as this is surrounded by a very large uncertainty. The indirect economic benefit is based on 
the assumption that with increased MP system availability, it will be possible to bring one of the ‘MP wells’ (i.e. a well which 
will ONLY flow if routed to the MP system but will die immediately if sent to HP) online for the available duration. This is a 
direct benefit as the well would have remained shut-in otherwise. The gas price reflects the normal gas price at the time of 
writing. 
